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SUMMARY
Low-grade waste heat is ubiquitous and a byproduct of all energy conversion mecha-
nisms. Thermo-electrochemical cells (thermocells) directly convert temperature difference
to electromotive force with no moving parts. It is an inexpensive technology to harvest
waste heat. However, low power conversion efficiency due to ohmic, interfacial charge
transfer and mass transfer resistances has limited its use in commercial applications. This
work explores improving electrochemical properties of the standard electrolyte and imple-
mentation of thermocells in applications providing liquid cooling.
In the initial part of this dissertation, poly (3,4- ethylenedioxythiophene) poly (styrene-
sulfonate) was used to form a composite having percolated networks of dispersed carbon
nanotubes. The composite was dispersed in the standard electrolyte of thermocells aque-
ous potassium ferri/ferrocyanide and the mixture was characterized using electrochemical
impedance spectroscopy. Analysis of the impedance spectra showed a 10 % increase in
ohmic conductivity and about a 5-fold decrease in interfacial charge transfer resistance in
the composite electrolyte, which is caused by addition of the charge carriers, interfacial
polarization and improved contact at the electrode/electrolyte interface. The enhancement
of properties in the composite electrolyte increases the power of a thermo-electrochemical
cell by about 30 %. In addition, thermal characterization using transient plane source tech-
nique showed that the thermal conductivity decreased by about 5 % for the new composite
electrolyte, leading to ZT enhancement by about 15 %.
Thermocells low efficiencies, restrict there use as a standalone energy harvesting de-
vice. To this end, flow thermo-electrochemical cell (fTEC) has been invented, fabricated
and implemented specifically for data centers and it can be extended to wherever liquid
cooling heat sinks are employed. The current sole purpose of heat sinks is to provide cool-
ing, fTEC enable supplementing the existing purpose with energy harvesting and tempera-
ture monitoring for entire liquid flow line. Initial unoptimized design in term of electrode
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material and configuration produced power density of 0.05 W/m2 and provided heat transfer
coefficient of 450 W/m2 K. Carbon nanotube buckypaper electrodes are used to improve
the performance of fTEC. The use of carbon nanotube buckypaper electrode provided a
larger surface area and faster kinetics for redox reaction. Optimization of the electrode
material and configuration, improved the power density of fTEC to 0.36 W/m2.
The original contribution of this work are three fold. Firstly, composite of poly (3,4-
ethylenedioxythiophene) poly (styrenesulfonate) and carbon nanotube was developed that
improved the interfacial charge transfer resistance, ohmic conductivity and thermal con-
ductivity of the benchmark electrolyte used for thermocells. Secondly, thermocell having
flowing electrolyte was identified, fabricated and implemented. The fTEC provides cool-
ing, energy harvesting and temperature monitoring for liquid cooling applications. Thirdly,
the design of the fTEC is improved by taking advantage of the higher temperature available





While the utilization of energy is a basic building block of growing world economies, the
challenges to provide for the increasing demand are ominous and a shortage of supply may
end up being a major road block. The primary concern of the major contributors of energy
i.e. fossil fuels is that there is finite supply which necessitates efficient utilization and a look
for alternative sources of energy. Current total primary energy supply is dominated by fossil
fuels as shown in Figure 1.1. The renewables comprising of hydro, others (geothermal,
solar, wind etc.), biofuels and waste, comprise meager 14.1 % of total world’s energy
supply.
While the reliance on fossil fuels is overwhelming, the estimated reserves are fast di-
minishing: oil (50.7 years), natural gas (52.8 years) and coal (114 years) [2].
Figure 1.1: World’s total primary energy supply mix for 2014. The total supply is 13699
million tonnes of oil equivalent [1].
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The other aspect of fossil fuel consumption is the detrimental environmental impact
of fossil fuel emissions. Emission of carbon dioxide and methane are largely attributed
to cause global warming and climate change. Increased scientific understanding about
global warming, has made as many as 95 % of scientists agree that global warming is
due to human activities and mainly due to the emission of green house gases methane
and carbon dioxide [3, 4, 5, 6]. The current high concentration of carbon dioxide has not
been seen previously in thousands of years. The problem is that carbon dioxide released
does not decompose and stays in the ecosystem. Half of it is absorbed by the vegetation
and oceans, while the other half stays in the atmosphere [7]. Primary proof of global
warming are the rising temperatures of land and ocean. NASA’s Goddard Institute for
Space Studies (GISS) has been maintaining estimate of the global surface temperate change
known as GISS surface temperature analysis (GISTEMP)(Figure 1.2) [8, 9, 10]. In the
graph, global mean estimates based on land and ocean data temperature is touching 0.86 oC
above pre-industrial level. Locally Weighted Scatterplot Smoothing (Lowess smoothing)
is a regression technique that creates a smooth line to help see the relationship between the
variable and foresee trends.
At the 21st Conference of the Parties of the United Nations Framework Convention
on Climate Change (UNFCCC) in Paris an agreement was made between 195 countries to
keep global average temperature below 2 oC above preindustrial level and to pursue efforts
to limit the temperature increase at 1.5 oC above preindustrial level [11]. This landmark
agreement serves to curtail the harmful impact on climate system. However, meeting this
goal of keeping global average temperature below 2 oC requires immediate significant and
sustained global action, with probable reliance on net negative emission in the longer term
[12]. This is because a delay in starting mitigation measures will lead to a requirement
of higher mitigation needed [13], higher costs [14, 15] and the target to remain below 2
oC may become unfeasible [16, 17]. This is where well targeted technological innovations
can play a part in sustaining mitigation efforts for a longer period of time [18]. One such
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Figure 1.2: Global mean estimate on land and ocean data from 1880 to present. The solid
black line is the global annual mean and the solid red line is the 5-year lowess smooth [8,
9, 10].
method is to harvest waste heat. Waste heat is ubiquitous. It is a byproduct from all energy
conversion mechanisms from combustion of food in our bodies [19] to combustion fuels
in vehicles, industries etc. As waste heat is so prevalent, efforts to convert it in useful
energy would not only improve the efficiency of current technologies but will also help in
decreasing the reliance on fossil fuel consumption.
1.2 Waste heat recovery
Generating power from waste heat sources depends upon thermodynamic constraints im-
posed by different temperatures available. Efficiency of the technology largely depends on
the temperature of heat source. Waste heat can be classified by the temperature of heat
source by dividing temperature range into low-,medium- and high-quality of waste heat
source as follows [20]:
High: 650oC [1200 oF] and higher
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Medium: 232oC [450 oF] to 650oC [1200 oF]
Low: 232oC [450 oF] and lower1.
Generally the power generation from waste heat has been limited to using high and
medium temperature heat, via mechanical energy. It typically involves waste heat warming
a working fluid which in turn drives the turbine. The name of the working fluid differenti-
ates what the conversion technology is called. In case of Rankine cycle the fluid is water,
in case of Organic cycle can be toluene, silicon oil, propane to name a few of many options
available and in case of Kalina cycle the fluid is a mixture of ammonia and water. These
traditional methods have been well-developed and are being used at the industrial level to
convert heat to mechanical work which is then converted to electrical energy. Currently new
technologies are being explored to directly convert thermal energy to electrical energy. The-
ses include thermo photo voltaic, thermionic, thermoelectric and thermo-electrochemical
generators.
Thermo photo voltaic (TPV) generators operate in the high temperature range 800-1000
oC [22]. It consists of a heat source, emitter, radiation filter and photo voltaic (PV) cell.
Heat source heats the emitter, which in turn emits radiation. The PV cell converts the
radiation to electrical energy. The filter passes the radiation that matches the PV cell, while
reflecting remaining back to emitter.
Thermionic generator hot cathode is heated which generates an electron which passes
in vacuum to low work function anode [23]. The electron generated passes through the
external circuit. This technology is similar to TPV and requires a high temperature of 800
oC [24].
1Other sources [21] have slightly different temperature ranges, High: 1100 to 3000 oF, Medium: 400 to
1100 oF, Low: 80 to 400 oF
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1.2.1 Thermoelectrics
Thermoeletrics operate on the principle of Seebeck effect i.e. direct conversion of temper-
ature to voltage. It consists of two doped semi-conducting material, one n-type (containing
free electrons) and the other p-type (containing free holes). When a temperature difference
is applied, the mobile charge carriers tend to diffuse towards the cold end and the build up
of charge at one end produces electrostatic potential. The performance of thermoelectric is





were σ is the ohmic conductivity, S is the Seebeck coefficient, T is the temperature and
λ is the thermal conductivity. High ZT value of 2.4, has been reported for near room
temperature [25]. Thermoelectrics have found application in deep space mission such as
Voyager [26]. Deep space provides the ideal environment to operate thermoelectrics as the
ambient temperature being close to 2 K provides the ideal temperature for cold side, while
the radioisotope provides heating to the hot side [27, 28].
1.2.2 Thermo-electrochemical cells
Thermo-electrochemical cells (or thermocells) similar to thermoelectrics operate on See-
beck effect. However, unlike the solid state, thermoelectrics have ions present in liquid
state as charge carriers inside a thermocells. When a temperature difference is applied at
the electrodes, reduction and oxidation takes place at the respective electrodes. The electron
lost as a result of oxidation passes through the external circuit. ZT can be used to describe
the performance of thermocells, with typical values a two order of magnitude lower than a
thermoelectrics. In terms of properties, thermocells have a much higher S, but suffer from
very low ohmic conductivities. From the commercialization standpoint, thermocells are
very economical, as the materials used for their preparation is readily available.
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1.3 Objective and Overview
The dissertation work focuses on addressing the challenges faced by thermocells both at
the fundamental and applied level. At the fundamental level, the properties ohmic conduc-
tivity, interfacial charge transfer resistance and thermal conductivity have been improved
for the benchmark electrolyte use for thermocells. While at the applied level, flow thermo-
electrochemical cell (fTEC) has been invented, which supplements an existing functions of
applications providing liquid cooling with energy harvesting and temperature monitoring.
This thesis is structured as follows:
In this chapter motivation for developing technologies that harvest waste heat is presented
with emphasis on energy crisis and detrimental impact of fossil fuels. Motivation is fol-
lowed by a description of various waste heat technologies, highlighting there working prin-
ciples and operating temperature.
In chapter 2, literature review of thermocells is presented. The chapter starts with de-
scribing the driving principle the Seebeck coefficient from its origin as an observation first
made on solid state devices to it branching out to aqueous liquids to relative more recent
application in ionic liquids. This is followed by overview of the two main parts of ther-
mocells the electrodes and the electrolytes. One of the major bottlenecks for the improved
the thermocells is there low ohmic conductivity, the governing equation in the bulk elec-
trolyte and at the electrode/electrolyte interface are described. It is followed by studies on
modeling of thermocells. The coupling of the aforementioned variables are described in
the working of thermocells. The chapter concludes with the application of thermocells and
technologies which are variants of thermocells having the same operating principle.
In chapter 3, the effect of mixing carbon nanotubes and poly (3,4-ethylenedioxythiophene)
poly(styrenesulfonate) in aqueous potassium ferri/ferrocyanide electrolyte is characterized
using electrochemical impedance spectroscopy. Analysis of the impedance spectra shows a
10 % increase in ohmic conductivity and about 5-fold decrease in interfacial charge trans-
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fer resistance in the composite electrolyte, which is caused by addition of charge carriers,
interfacial polarization and improved contact at the electrode/electrolyte interface. The
enhancement of properties in the composite electrolyte increases the power of a thermo-
electrochemical cell by about 30 %.
In chapter 4, the mixture of maximum ohmic conductivity on the previous chapter are
selected and there corresponding thermal conductivity is measured. It is observed and
inverse favorable trend exist between the ohmic conductivity and thermal conductivities,
results in ZT enhancement of about 15 %. In addition molecular dynamic simulation (MD)
is carried out to investigate change in ohmic conductivity when concentration changes from
0.1 M to 0.4 M. The MD work lays a foundation for exploring other properties of the
electrolyte like Seebeck coefficient, thermal conductivity, viscosity etc.
In chapter 5, proof of concept of flow thermo-electrochemical generator is implemented.
Flow thermo-electrochemical generator has been tested and validated a modified liquid
cooling design system that supplements current cooling architecture with the ability to har-
vest energy from waste heat sources. An electrolyte capable of undergoing a reversible
redox reaction is pumped through a macro-channel flow thermo-electrochemical generator.
The heat energy flow is coupled with electricity generation through the thermoelectic effect
allowing cooling and power harvesting to occur in parallel. The current design generated
88 µW of power, achieved a heat transfer coefficient of 450 W/(m2.K). This technology
can be employed in any location where liquid cooling is used, from CPU’s in data centers
to battery packs in electric vehicles. By providing cooling and energy harvesting these
applications will benefit from energy conversion and recycling.
In chapter 6, the performance of flow thermo-electrochemical generator is improved by
changing electrode material and their location. In the previous chapter it was identified that
one can take advantage of maximum heat flux by having electrodes perpendicular to heat
flux. As a consequence of better electrode material and position, power density of the flow
thermo-electrochemical cell increased by 7.3 times.
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In the end, conclusion and perspective for future work is presented in chapter 7.
Table 1.1: Overview of the dissertation
Topic Methods Major Results Chapter
Dispersing carbon nan-
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This chapter will describe thermocells literature from the inception of Seebeck coefficient
to its current state. The chapter is divided in sections, starting from principle of opera-
tion to evolution of understanding of first principles, electrode, electrolytes, modeling of
thermocells, working of thermocells, applications and different type of thermocells.
2.1 Seebeck coefficient
Seebeck coefficient represents direct conversion of heat to electricity when a temperature
difference is applied to dissimilar materials coupled together. In 1821, Thomas Johann
Seebeck first observed this effect in metals which were joined together. It was found that
when a temperature difference is applied, the mobile charge carrier at hot-end diffuse to
cold-end carrying heat and charge. The build-up of charge carriers leads to a net charge at
cold-end, resulting in an electrostatic potential (voltage). In the mid-20th century, research
focus shifted from metals to semiconductors and are subject of intense research [29, 30].
From a material perspective, semiconductors have reached their limit and research has
moved on to nanostructuring the existing materials to improve performance [29].
Towards the end of 19th century, liquid electrolytes were explored for thermoelectric ef-
fect. Applied temperature difference causes a concentration gradient of ions inside the elec-
trolyte, which is known as the Soret effect. For conducting fluids, Soret effect is coupled
with Seebeck effect [31]. Transport of heat in aqueous electrolyte is due to water molecules
which carry heat from hot to cold side. The thermal conductivity of water governs the heat
transport for thermocells having stationary electrolyte. The influence of applied temper-
ature difference on the EMF generated is known as the Seebeck effect, represented by
Seebeck coefficient Se. Se is derived by considering the entropy difference of product and
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reactant at the electrodes [32][33]. For a hypothetical reaction R ⇀↽ O + ne−, then the





= (SO + ŜO)− (SR + ŜR)− nS̄e ∼= SO − SR (2.1)
Where ∆S is the standard redox reaction entropy, n is the number of electrons involved
in the reaction, F is the Faraday constant, E(T ) is equilibrium electrode potential, S0 and
SR are partial molar entropies of species O and R, ŜO and ŜR are Eastman entropies, S̄e
is the entropy due to transport of electrons in metals leads. Eastman entropy is due to the
interaction of an ion and its hydration shell with the solution. Eastman entropy has found
to be insignificant for molten salt thermogalvanics [34]. The entropy due to transport of
electrons has also been found to be insignificant (normally about 1 %) and hence neglected








Where E(T) is equilibrium electrode potential, ∆S is the standard redox reaction entropy,
n is the number of electrons involved in the reaction and F is the Faraday constant [32,
33]. The ∆S is a key property of thermocells and is dependent on many factors due to
complex nature of metal ion complex [36, 37]. The structure of typical transition metal
redox couple is such that the transition metal is surrounded with molecules or ions called
ligands, this is called reorganization in the inner-shell. On outside boundary of ligands is
the interaction present due to ligands and solvent, this is called reorganization in the outer-
shell. The nature of central metal is important, as reorganization energy at the addition
and loss of electron varies from metal to metal [36]. The nature of ligand interaction with
solvent plays a role in determining entropy e.g. aquo ligand form stronger hydrogen bond
with aqueous solvent as compared to ammine ligand, resulting in larger entropy [36].
The recent progress of improving Seebeck coefficient can be largely attributed to the
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introduction of ionic liquids as electrolyte with redox couple instead of aqueous medium.
Ionic liquids are molten salts at low-temperature, composed of ions only. Compared to
strong electrostatic forces of attraction (called ionic bonds) present in high temperature
salts such as sodium chloride, ionic liquid are characterized by weak interaction between
delocalized charges on anion and large cations. This contributes to low tendency to crys-
tallize due to non-symmetry in cation and flexibility in anion [38, 39]. The separation dis-
tances between large molecular ions weakens and shields the electrostatic forces between
ions.
A typical ionic liquid is shown in the schematic Figure 2.1. It is composed of 1-ethyl-
3-methylimidazolium (EMI) cation and an N,N-bis(trifluoromethane)sulphonamide (TFSI)
anion. The combination provides electrolyte with an ion conductivity comparable to or-
ganic electrolyte and high thermal stability with low vapor pressure to temperature up to
300 ∼ 400 oC. The melting point of the EMIM TFSI ionic liquid is -15 oC. Delocalized
charge not only weakens electrostatic interaction but it also increases the mobility of ions in
liquid state. Lack of symmetry both in anion and cation, reduces the possibility of packing
into low-efficient crystals and lowers the melting point further. The enormous variety of N-
and P-type cations, along with equally large family of organic and inorganic anions, create
multitude of options for making ionic liquids, with the ability of tunning their properties.
In liquid state, ionic liquid usually have high ohmic conductivity, making them suitable
for being used as electrolyte. Low flammability and very low vapor pressure make them
thermally stable and suitable to be used for high temperature application as compared to
aqueous electrolyte. Mixture of electrostatic, hydrophobic and hydrogen-bonding types
of interaction enable a number of solvency properties; they can dissolve in water or be
completely immiscible in water. Equally well, they can be used as solvents for proteins and
for inorganic salts.
For devices needing solid form of electrolyte, soft materials versions of ionic liquid
are developed such as poly-ionic liquids and gels, also known ionogels. Another emerging
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Figure 2.1: Schematic showing the molecular structure of EMI cation and TSFI anion.
Reprinted by permission from Macmillan Publishers Ltd: Nature Materials [38], copyright
(2009).
alternative to ionogels are organic ionic plastic crystals. For thermocells, the use of liquid
state ionic liquids have helped in achieving operating temperatures well above 100 oC.
One of the strategies adopted to increase Seebeck coefficient is to introduce an organic
solvent in aqueous medium having a redox couple. The addition of organic molecules
causes rearrangement in the solvation shell, which increases the entropy change for the
redox couple reaction at the electrode. Seebeck coefficient for potassium ferri/ferro cynaide
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increased from 1.4 mV/K to 2.9 mV/K when 20 % methanol was added to electrolyte.
Figure 2.2: Schematic showing change in water molecular arrangement after the introduc-
tion of organic solvent and the graph show increase in Seebeck coefficient. Reprinted with
permission from [40]. Copyright (2017) Elsevier.
Another method of increasing Seebeck coefficient is to use a α - cyclodextrin supra-
molecule to I−3 /I
− [41]. The supra-molecule captures the triiodide ions on the cold side,
which reduces relative concentration of it. As a result, the equilibrium shifts towards ox-
idation of 3I− to I−3 . Where as, dissociation of supra-molecule and I
−
3 will be promoted
on the cold side. As a result of this host-guest interaction Seebeck coefficient is increased
from 0.8 mV/K to 2 mV/K. I−3 /I
− redox couple was also tested in a number of of ionic
liquids, such as methoxy- propionitrile, [C2mpyr][NTf2], [C2mim][BF4],[C2mim][NTf2],
[C2mim][B(CN)2], [P4,4,4,6][NTf2], and [P 2,2,2,(101) ][NTf2] [42]. Se varied with each ionic
liquid, leading to important conclusion that the solvation environment of the redox couple
changes reaction entropy.
Very large Seebeck coefficient of 7 mV/K have been reported by Bonetti et al.. [31]
The work investigated the use of organic macro ions in non-aqueous solutions. Non-
aqueous electrolytes of tetraoctylphosphonium bromide, tetrabutylammonium nitrate and
tetradodecylammonium nitrate in ethylene-glycol, 1-dodecanol and 1-octanol were mea-
sured for Se for temperature range of 30 to 45 oC. Highest Se was measured for 0.1 M
tetrabutylammonium nitrate in 1-dodecanol. The high Se value is attributed to structure
making effects that tetraalkylammonium ions have on the alcohols.
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Figure 2.3: Schematic showing thermocell having supra-molecular and I−3 /I
− redox cou-
ple. Reprinted with permission from [41]. Copyright (2016) American Chemical Society.
MWNT have been used to reduce mass transfer resistance and increase thermoelectric
power up to 30 % for an ionic liquid [43]. The addition of MWNT causes ion pair dissoci-
ation and interfacial polarization [44], both contributing towards reduction in mass transfer
resistance.
Inspiration from Lithium ion batteries have lead to Lithium based ionic liquids be-
ing used in thermocells, such as lithium bis(trifluoromethylsulfonyl)imide (Li[NTf2]) and
tetraglyme have been tested to produce a decent Seebeck coefficient [45]. Similarly, inspi-
ration from ionic liquids used in dye-sensitized solar cells are being tested in thermocells.
Thiolate/disulfide redox organic couple in a mixture with 1-ethyl-3-methylimidazolium




Much of the recent advancement in terms of efficiency have been largely due to improve-
ment and development of low-cost electrodes. To obtain a high current, the use of expen-
sive metal such as Platinum was previously required, that is until recently when Hu et al.
work of introducing carbon multiwalled nanotube (MWNT) buckypaper electrode reported
a high value of 1.4 % for relative Carnot efficiency and also provided an inexpensive sub-
stitute [47]. The electrodes provided large surface area and fast reaction kinetics for charge
transfer. This innovation not only improved the performance of thermocells but dramati-
cally reduced the cost of making thermocells. This innovation paved the way for two more
works of also using carbon nanotube to further improve performance and reported values of
2.63 % [48] and 3.95 % [49] for relative Carnot efficiency. The use of carbon nanotube has
helped researchers look beyond cost of thermocells and focus on performance parameters
[33, 48, 49, 50, 51, 52, 53], and practical application [54, 55, 56].
They are a number of difference ways, how carbon nanotubes have been employed
as electrodes. Electrophoretic deposition (EPD), has been used to deposit MWNT films on
stainless steel electrodes. EPD is widely used to deposit CNT-based composites due to ease
of manufacturing, possibility of large scale production, low cost, low geometry requirement
for substrate etc. [57] It has resulted in power density of 0.82Wm−2 and power conversion
efficiency i.e. 50 % higher than Pt electrodes [58]. Typically Mg(NO3)2 is added to improve
adhesion between MWNT films and the substrate [59, 60]. The addition of charge particles
can also aid in bringing MWNT to anode and form homogeneous MWNT films [61]. In
addition the use Ag particles can increase the thermal and electrical conductivity compared
to pristine MWNT electrodes [62, 63]. To include these favorable properties, Qian et al.
doped CNTs with Mg2+ and Ag through EPD. It resulted increase in power performance
from 0.15 to 0.325 W/m2 [64]. Another method used a single walled nanotube colloidal
solution and a highly porous carbon cloth was dipped inside it. Due to high porosity of the
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carbon cloth, it swelled with large amount of single walled nanotube [65]. Increasing the
number of coats of single walled nanotube to four increased the power output from 0.77 to
0.9 µWcm−2.
To maximize power a tubing-shaped CNT sheet electrodes have been used [66]. Dry-
state spinning process, as shown in Figure 2.4. The performance of CNT sheet electrodes
was compared to bare Pt wire. The power performance increased from 8.5 to 15.6 µW . The
highly porous sheets provided more reaction sites for the redox couple and hence increase
the power.
Figure 2.4: Dry-state spinning process to form CNT sheet electrodes. Reprinted with per-
mission from [66]. Copyright (2015) Elsevier.
The present highest relative Carnot efficiency of 2.63 % has been achieved by optimiza-
tion of electrode composition and thickness of single walled nanotube and reduce graphene
oxide (RGO) as electrodes [50]. The optimization is done to balance out porosity and tortu-
osity, to maximize electrolyte diffusion and enable more access to electroactive surface for
electrolyte/electrode interaction. The schematic Figure 2.5 shows stacked configuration of
electrodes [48]. A comprehensive study by Kang et al. [51] studied the affects of thermocell
performance on various parameters, such as electrode size, cell orientation,electrolyte con-
centration, electrode spacing and temperature. The work also included the use of SWNT,
MWNT, RGO and SWNT/RGO composite as electrodes. SWNT was reported with highest
power density of 6.8 W/kg for a temperature difference of 20 oC temperature difference
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and RGO was reported to have lowest power density of 3.9 W/kg.
Figure 2.5: Schematic of stacked electrode configuration of SWNT and rGO composite
electrode. Reprinted with permission from [50]. Copyright (2013) John Wiley and Sons.
Doping of CNT buckypaper electrodes by boron and nitrogen has also been carried out
to increase thermocell power [67]. The doping improved catalytic activity by 3- to 4-fold as
compared to pristine CNT buckypaper. Among other alternative to Pt, platinized stainless
steel and poly(3,4-ethylenedioxythiophene) deposited on stainless steel have been used to
produce approximately the same power as Pt [68].
2.3 Ohmic conductivity
Ohmic conductivity is defined as the reciprocal of the ohmic resistance encountered by ions
to diffuse from one electrode to another. The transport of ions, within the fluid medium of
thermocell, is due to electrical or chemical potential between the two electrodes or bulk
movement of solution with the respective modes are called migration, diffusion and con-
vection. Following is brief description of different modes:






• Diffusion: Movement of ions due to the influence of chemical potential (shown by




• Convection: Normally the fluid flow is due to natural and forced convection (shown
by v(x)). It may be characterized by laminar, turbulent or may have stagnant regions.
This transport of ions is governed by Nernst-Planck equation [69], which shows the cumu-
lative effect of the various modes of charge transfer. The 1-D Nernst-Planck equation for










where Ji(x) is the flux species i at a distance x from electrode surface, Di is the diffusion
coefficient, ∂Ci(x)
∂x
is concentration gradient of x, ∂φ(x)
∂x
is the potential gradient, zi is the
charge(dimensionless), Ci is the concentration and v(x) is the bulk velocity of solution.
The ohmic conductivity for the standard electrolyte 0.2 M and 0.4 M potassium ferri/ferro
cyanide is 10.09 and 16.5 S/m respectively [70]. Nano fluids have been utilized to increase
the ohmic conductivity. While most studies have been about low ohmic strength solutions
in water or ethanol, because solution having high ohmic strength suffer from sedimentation
and aggregation. This is due to poor stability of the solute. A recent work show increase
in ohmic conductivity for 0.2 M potassium ferro/ferricyanide from 10.3 to 10.9 S/m by
introducing water-based alumina nanofluid and sodium dodecyl sulfate [71].




















where j is the current at the respective electrode, n is the number of electron, F is the
faraday’s constant, ko is the standard electrode constant, E is the activation energy for
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reaction, R is the universal gas constant, T o is the standard temperature, CO is the oxidized
concentration, CR is the reduced concentration, β is the charge transfer coefficient and ξ is
the overpotential at the electrode.
2.4 Modeling of thermocells
Modeling of thermocells, have enabled to gain insights into the various electrical and ther-
mal transport phenomenons happening inside a thermocell. One of the earlier computer
analysis is by Ikeshoji et al., the work was divided in two parts. The first part used Navier-
Stokes equation and Onsager equation of fluxes of the two salts [77, 78]. The experimental
current response to applied voltage for isothermal and non-isothermal cell were both re-
produced numerically. The work highlighted role of development of two boundary layers
for non-isothermal cell i.e. thermal and concentration boundary layers. The large increase
in current and relatively small increase in heat transfer was attributed to large increase in
concentration and less increase in thermal boundary layers, respectively. This relatively
different development of boundary layers stem from the large difference of heat and mass
transfer diffusivity. In second part, the relation between voltage-current, power output and
heat flux was investigated to replicate experimental results.
Sokirko investigated horizontal and vertical configuration of electrodes in thermocells.
For horizontal configuration, diffusion-migration and for vertical configuration, diffusion-
convection relation were used [79].
2.5 Operation of thermocells
Thermocells consist of two main components the electrolyte and the electrode (Figure 2.6).
The electrolyte is sandwiched between two electrodes. When a temperature difference is
applied at the electrodes, oxidation and reduction takes place at the respective electrode.
Preference to oxidation or reduction depends on temperature at the electrodes. The chemi-









Figure 2.6: Schematic of thermocell showing the the flow of heat and electrons, movement
of ions and water molecules for ferri/ferrocyanide electrolyte.
At the higher temperature electrode the equilibrium shifts in forward direction and
oxidizes (producing electrons), while at the lower temperature electrode it shifts in the
backward direction and reduces (consuming electrons). The higher temperature electrode
behaves as an anode and lower temperature electrode behaves as a cathode. The shift in
equilibrium is explained by Le Châtelier’s principle or “The Equilibrium Law” which states
that when any system is subjected to change such as temperature, the systems adjust itself
to counterbalance the effect of the applied change. The free energy difference of products
and reactants at the electrodes generates the thermo-electrochemical force (also known as
an electromotive force, EMF). The resultant ions after being oxidized/reduced at a specific
electrode, get transported to opposite electrodes in the thermocell. Meanwhile the elec-
trons generated at the anode, due to the oxidation of ions flow through the external circuit
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from anode to cathode and consequently get consumed by the ions reducing at the opposite
electrode.
The maximum power output of thermocell [79] is given by Equation 2.6:
Pmax = 0.25 ∗ Voc ∗ Isc (2.6)
where Voc is the open circuit voltage and Isc is the short circuit current. The power con-
version efficiency is defined as the ratio of maximum power output to the thermal power
flowing through the cell. The thermal power Q̇ is defined as the sum of thermal conduction
through the cell (Q̇i) and the rate of heat transfer due to reversible heat of the cell reaction
(Q̇r). Q̇r is only significant if there is a net consumption of electrolyte. However, for elec-
trolytes in the present study which are designed for continuous operation, the efficiency





where k is the thermal conductivity of the electrolyte, A is the cross-sectional area of the
electrode. To compare the performance of thermocells operating between various temper-





where ∆T is the temperature difference between hot and cold electrodes and TH is the hot
electrode temperature. Earlier literature on thermocell dealt with developing understand-
ing and methods to study the effect of temperature on voltage generated by various redox
pairs [35, 80, 81]. Subsequent efforts shifted to studying the discharge behavior of voltage
produced from the temperature [82], as a result ohmic, mass and charge transfer over po-
tentials were identified to limit thermocell performance [34, 69]. These over potentials are
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shown as resistances in Figure 2.7.
Figure 2.7: Schematic of over potential represented as resistances. Rs is ohmic resistance,
Rct is interfacial charge transfer resistance and Rmt is mass transfer resistance.
Various aqueous systems such as Cu2+/Cu, Fe2+/Fe, Pu4+/Pu3+ and Np4+/Np3+ sys-
tems have been studied over time [82, 83, 35, 84]. Ferri/ferro cyanide has been extensively
studied due to high Seebeck coefficient and high current exchange density [34, 83, 85].
Apart from these properties which have direct impact on power output, ferri/ferro cyanide
is suitable for more reliable operation as it does not poison or corrode the electrode surface
[83]. Seebeck coefficient was studied as a function of electrolyte concentration, showed
decreasing the concentration, increased value of the Seebeck coefficient [86, 87]. This
was in agreement with Debye-Hückel treatment of the electrostatic interactions between
ions, which predicts linear variation of Eastman entropy of transport with square root of
the ionic strength [88]. However, the slight increase in open circuit voltage offset by a
dramatic reduction in the current. To improve thermocell performance, ratio of the flux of
charge carriers and the flux of heat flowing between electrodes should be as high as possible
[83]. From heat transfer perspective thermal conductivity of the electrolyte is important.
Decreasing the thermal conductivity, enables maintenance of high temperature with lesser
thermal energy input. Similar to solid state thermoelectrics, increase in ratio of charge
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carriers to heat flux is necessary to improve the efficiency of thermocells. The recent fo-
cus of research has been on improving the performance of thermocells by making better
electrodes and by increasing the operating temperature of thermocells. The introduction
of multiwalled carbon nanotubes (MWNTs) [47, 51] and single walled carbon nanotube
(SWNTs) combined with reduced graphene oxide (RGO) [48] has greatly reduced the cost
of thermocells. Also, power as high as 6.6 W/m2 has been reported [49] by fabricating
carbon nanotube aerogel sheet electrodes. In addition, an earlier limitation of operating
temperatures above 100 oC has also been addressed by use of ionic liquids as the redox
electrolyte [89]. Recent developments have addressed the costs and material limitations
that makes thermocells economically more feasible and operational to temperatures up to
200 oC. This thesis focuses on improving electrochemical properties and implementation
techniques of the thermocell development process in a practical sense, in order to function
as an energy harvester and a cooling device.
2.6 Application of thermocells
With the introduction of carbon nanotube electrodes the cost of thermocells decreased dra-
matically and the focus of research has moved to application. Thermocells have been shown
to recover heat from vehicles and human body.
Gunawan et al. developed thermocell to simulate energy harvesting from automobile
[54]. A climate controlled wind tunnel (Figure 2.8) was built to simulate ambient air flow
present beneath the car. Aqueous CuSO4 was used as electrolyte with Cu metal as elec-
trodes. The power measured was in tens of mWm−2 i.e. about 4 to 5 orders of magnitude
lower than solid state thermoelectrics. However, the cost was lower than its solid state
counterparts.
Flexible thermocells have been developed to utilize body heat as shown in Figure 2.9
[56]. Thermocell was made of plastic material such as polyethylene terephthalate (PET)
and is flexible enough to be easily worn on a human body. Porous CNT electrodes were
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Figure 2.8: Schematic of Climatic control tunnel to simulate thermocell present below a
vehicle. Republished with permission from [54]. Copyright (2015) ASME Power Confer-
ence.
used in carbon textiles to maximize the performance by lowering the charge transfer resis-
tance at the electrode/electrolyte interface. For cold weather conditions with an ambient
temperature of 5 oC and body temperature of 36 oC, a maximum power density of 0.46
mW/m2 was achieved. As the instantaneous power extracted was less, a capacitor was
used to store charge for practical use.
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Figure 2.9: Photograph shows T-shirt have thermocell and capacitor. Reprinted with
permission from [56]. Copyright (2014) Springer.
2.7 Different types of thermocells
Battery-type thermocell: Seebeck effect has been demonstrated in a cell having Lithium
battery architecture (Figure 2.10) with electrodes structured to intercalate charge [73]. The
electrode and electrolyte are made of same active material. The Seebeck coefficient of
oxide layers was -6.8 µV/K for LiCoO2, -29.7 µV/K for Na0.52MnO2, -12.7 µV/K for
Na0.99CoO2 and -22.4 µV/K for Na0.51Mn0.5Fe0.502.
Capacitor type thermocell: Another type of thermocell is to use the temperature differ-
ence to store charge [74]. It is called thermally chargeable capacitor. 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)-imide in acetonitrile is subjected to temperature difference to
its electrodes. It was found that the Se is -1.7 mV/K for platinum electrodes and -0.3
mV/K for porous carbon electrodes. The capacitance of 5 µF was measured with plat-
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Figure 2.10: Schematic of battery type thermocell, it consists of two paste-type electrodes
having the same active material. The active material shown is NaxMO2, where M is a
transition metal. Reprinted with permission from [73]. Copyright (2015) AIP Publishing.
inum electrodes while for carbon electrodes it was about four order of magnitude higher at
36 mF .
Thermodynamic cycle of battery: An electrochemical system using Seebeck effect in
thermodynamic cycle has been built and it is called thermally regenerative electrochemical
cycle (Figure 2.11) [75]. It uses solid copper hexacyanoferrate (CuHCF) having a negative
Se as a positive electrode and Cu/Cu+2 having a positive Se as a negative electrode in an
aqueous electrolyte. In process 1, the cell is in its initial discharge state and is heated up,
the Se of the two components are such that open circuit voltage decreases. In process 2,
the cell being at low voltage is charged with an external battery, and the entropy of the
cell increases due to electrochemical reaction. In process 3, the cell is cooled and Se are
such that the open circuit voltage increases. In process 4, the cell is discharged at the low
temperature and the entropy of the cell decreases. As charging voltage is less than voltage
at the time of discharge, net work is extracted from the cell. This work has shown a good
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Figure 2.11: Working of thermally regenerative electrochemical cycle. (a)Schematic shows
thermodynamic cycle: process 1, heating the cell; process 2, heating at constant high tem-
perature (charging); process 3, cooling the cell; process 4, discharging. (b) Temperature-
entropy diagram for the thermodynamic cycle between two constant temperatures TH and
TL. Reprinted by permission from Macmillan Publishers Ltd: Nature communications
[75], copyright (2014).
thermal to electricity conversion efficiency of 5.7 %.
Thermochargeable thermocell: Thermochargeable cell uses a temperature gradient to
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Figure 2.12: Schematic shows thermochargeable thermocell with potassium ferri/ferro
cyanide as the electrolyte. (a) Schematic shows thermocharging taking place with the help
of temperature gradient applied to electrode 1a and 1b, concentration gradient build up in
the two compartments. Also electricity is supplied to external circuit. (b) Once tempera-
ture difference is removed, the cell is discharged by supplied electricity to external circuit.
(c) Thermocharging and discharging taking place simultaneously.(d) The cell voltage as a
function of time, electrodes 1a and 1b are thermocharged at 0.5 mA/m2 and later elec-
trodes 2a and 2b are discharged at 0.5 mA/m2, after one hour interval. Reprinted with
permission from [76]. Copyright (1996) Journal of the Electrochemical Society.
not only produce electricity but also build up concentration gradients, in the two com-
partment separated by cation-exchange membrane [76]. Figure 2.12a-c to see show the
various configuration of thermochargeable cell. The main electrode 1a and 1b are attached
to hot and cold reservoirs. Midway between the electrodes is a cation-exchange membrane
which only allows passage of positive potassium counterions (K+) and restrict movement
of Fe(CN6)4− and Fe(CN6)3− redox ions. Another pair of electrodes 2a and 2b are placed
in the two compartments.
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Thermocharging is shown in Figure 2.12a. The switch S1 closed and switch S2 is
opened. The applied temperature difference generates electricity, which is also being dis-
charged by keeping S1 closed. As the membrane restricts flow of redox species, concen-
tration gradient build up in the two compartments. Figure 2.12b switch S1 is opened and
switch S2 is closed, concentration potential developed in the last stage is now discharged.
Figure 2.12c shows simultaneous use of charge and discharge cycle. The cell has good
thermocharge and discharge cycle ability. For discharge current of 0.5 mA/cm2 and ther-
mocharge current of 0.1 mA/cm2, the ratio of discharge to thermocharge was more that 90
%.
2.8 Summary
The chapter provides an overview of the literature on thermocells from its origin to current
state of research. The chapter starts with describing the driving principle of Seebeck coef-
ficient, followed by describing two main parts of thermocell the electrode and electrolyte,
the governing equations of ohmic conductivity are described, followed by modeling of
thermocells. The aforementioned sections are amalgamated in the working of thermocells.




ELECTROCHEMICAL CHARACTERIZATION OF CARBON NANOTUBE AND
POLY (3,4-ETHYLENEDIOXYTHIOPHENE)POLY(STYRENESULFONATE)
COMPOSITE AQUEOUS ELECTROLYTE FOR
THERMO-ELECTROCHEMICAL CELLS
3.1 Introduction
Aqueous potassium ferri/ferrocyanide electrolyte has been the standard electrolyte for thermo-
electrochemical cells due to its high seebeck coefficient and high current exchange den-
sity. Here, the effect of mixing carbon nanotubes and poly (3,4-ethylenedioxythiophene)
poly(styrenesulfonate) in aqueous potassium ferri/ferrocyanide electrolyte is characterized
using electrochemical impedance spectroscopy. Analysis of the impedance spectra shows
a 10% increase in ohmic conductivity and about 5-fold decrease in interfacial charge trans-
fer resistance in the composite electrolyte, which is caused by addition of charge carriers,
interfacial polarization and improved contact at the electrode/electrolyte interface. The
enhancement of properties in the composite electrolyte increases the power of a thermo-
electrochemical cell by about 30 %.
In our previous work, we showed that addition of MWNTs to ionic liquid electrolyte
can reduce mass transfer resistance and increase power output [43]. However, the viscos-
ity of ionic liquids is at least an order of magnitude greater than that of water [95], which
decreases the rate of ion diffusion and hence the ohmic conductivity of the electrolyte
[43]. The highest ionic conductivity of ionic liquid is much lower than aqueous electrolyte
[96], thus conventional 0.4 M ferri/ferrocyanide (Fe(CN)3−6 / Fe(CN)
4−
6 ) remains a first
choice electrolyte for thermocells. In this paper, we mix 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 with
MWNTs and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) to
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form a novel composite electrolyte. Nanoparticle addition to liquid electrolyte has been
shown to reduce interfacial charge transfer resistance in previous studies [97, 98, 99, 100].
Carbon nanotubes (CNTs) have been previously shown to disperse in stabilizers such as
polymers [101, 102, 103] and surfactants [104, 105]. Recently PEDOT:PSS has also been
shown to stabilize and disperse CNTs in water. The conjugated polymer wraps around
CNTs preventing aggregation and settling [106, 107]. Combining the physicochemical
properties of conjugated polymer and long range ballistic electrical conduction of CNTs
have already been used in thermoelectrics [108], dye-sensitized solar cells [109, 110] or-
ganic thin film transistors [111], organic photovoltaics [111] and organic light emitting
diodes [112] to improve their performance and reduce cost [111]. In the aforementioned
devices the composite is used either as a film or electrode, but in this work for the first
time the composite is dispersed in an aqueous system having a redox couple Fe(CN)3−6 /
Fe(CN)4−6 .
Increase in ohmic conductivity (decrease in ohmic over potential) of aqueous redox
electrolyte is achieved by the introduction of PEDOT:PSS and MWNTs. In addition, up
to a 5 times decrease in interfacial charge transfer resistance in this composite electrolyte.
Increases in ohmic conductivity and reduction in interfacial charge transfer resistance with
the new composite electrolyte produce a significant increase in power output.
3.2 Experimental
3.2.1 Materials and preparation
MWNTs (US4315) manufactured from chemical vapor deposition were purchased from
US Research Nanomaterials, Inc. According to product specifications the purity is greater
than 95 % (from thermogravimetric analysis and transmission electron microscopy), the
outside diameters are 50-80 nm, the lengths are 10-20 µm and the density is 2.1 g/cm3.
PEDOT:PSS (PH1000) highly conductive homogenized dispersion was purchased from
Heraeus Clevios. According to product specifications the solid content is 1-1.3 %, viscosity
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is 15-50 mPas, the PEDOT:PSS ratio by weight is 1:2.5 at 20 oC and the density is 1
g/cm3. Potassium hexacyanoferrate (II) trihydrate and Potassium ferricyanide (III) were
purchased from Sigma Aldrich having a molecular weight of 422.39 g/mol and 329.26
g/mol, respectively.
Mixtures of PEDOT:PSS and water were made by stirring for 30 min. MWNTs were
dispersed at different ratios in PEDOT:PSS dispersions by 30 min of stirring, 30 min of
sonication and then 15 min of stirring. Composites of MWNT and PEDOT:PSS prepared
in the previous step were dispersed in Fe(CN)3−6 / Fe(CN)
4−
6 by 30 min of stirring, 30 min
of sonication and then 15 min of stirring. The sonication was done using an ultrasonic bath
having a frequency of 40 kHz and stirring was done using magnetic stirrer at a speed of
1200 rpm. All steps were performed at ambient temperature.
3.2.2 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) and modelling was performed using the
procedure used in our previous work [43]. Briefly, two platinum electrodes were used in the
electrochemical setup. EIS was performed using CH instruments model 660E potentiostat
in the spectral range 1 MHz-0.02 Hz, with an AC amplitude of 20 mV and DC signal of 0
mV. The collected data was fitted using the software provided by CH instruments. Randles
model was used to compute ohmic resistance, Rs, interfacial charge transfer resistance,
Rct, Warburg or diffusion impedance, W, and double-layer capacitance, Cdl. The Randles
equivalent circuit helps in separating the behaviour in the bulk solution from that at the
interface. Rs was used to calculate ohmic conductivity, σ, of the electrolyte by calibrating
it with 0.1 M and 1 M standard solution of potassium chloride as shown in our previous
work [43, 44].
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Figure 3.1: Effect of increasing PEDOT:PSS (wt%) on conductivity and interfacial charge
transfer resistance of 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 . σ is the ohmic conductivity of the solu-
tion (blue circle), Rct is the interfacial charge transfer resistance (orange triangle).
3.2.3 Cyclic Voltammetry
Cyclic Voltammetry (CV) was performed using three-electrode cell configuration. The
working and counter electrode were of Platinum while the reference electrode Ag/AgCl.
CV sweeps were performed using CH instrument model 660E potentiostat for the range
-0.3 to 0.7 mV using a scan rate 0.1 V/s. For each sample CV sweep was recorded for
temperature range 293 to 353 K, having 5 K increment. CV was used to calculate ∆TS,
Se and to observe the shift in half-wave potential (E1/2) with temperature using the method
described previously [113, 72].
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Figure 3.2: Frequency dependence of impedance at increasing concentration ratio of
MWNT, 0 (green) only PEDOT:PSS, MWNT:(PEDOT:PSS) varying from 1:4 (wine) to
3:1 (pink).
Calculating Seebeck coefficient: Cyclic Voltammetry was performed using three-electrode
cell configuration as described in main text. All potentials were recorded with reference to
Ag/AgCl reference electrode (Figure A.3). Anodic peak (Epa) and cathodic peak (Epc) po-
tentials were obtained using the software provided by CH instrument. Half-wave potential





Half-wave potential was measured versus temperature and plotted as shown in Fig-
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where (E1/2)T1 and (E1/2)T2 are half-wave potential measured at temperature T1 and T2
respectively.
Figure 3.3: Effect of MWNT, PEDOT:PSS composite on 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 .
MWNT:(PEDOT:PSS) 1:4 in 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 σ (blue diamond) and Rct (pink
down triangles), MWNT: (PEDOT:PSS) 3:1 in 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 σ (brown cir-
cles) and Rct (yellow triangles). Upper dash dot line is the initial value of Rct correspond
to green solid triangle, lower dash line is the initial value of correspond to green solid




A T-shaped cell was used to perform thermocell testing for temperature differences (∆T)
20, 40, 60, 80 and 100 K between the heating and cooling blocks. Graphite electrodes hav-
ing a cross-sectional area of 0.08 cm2 were used as the two electrodes. The heating block
is heated by two Omega 7750 W/m2 silicones rubber heaters. The cooling block is main-
tained at ambient temperature by the environment. The performance of 0.4 M Fe(CN)3−6 /
Fe(CN)4−6 electrolyte was compared with the same electrolyte with different concentra-
tions of PEDOT:PSS and PEDOT:PSS/MWNT composites. The thermocell testing was
done with a potentiostat by recording open circuit voltage and short circuit current. The
measurements were repeated after 12 hour intervals to check for stability.
3.3 Results and discussion
3.3.1 Electrochemical impedance spectroscopy
In order to introduce MWNTs and PEDOT:PSS to the aqueous redox electrolyte, a system-
atic procedure was followed. First, the PEDOT:PSS dispersion was added to water and an
increase in ohmic conductivity was measured (Table A.1). The increase is ohmic conduc-
tivity is seen because PEDOT:PSS is a conductive polymer having positive and negative
ions. Increasing the amount of PEDOT:PSS increases the number of ions in distilled water
and hence reduces the ohmic resistance Rs.
The next step was to add PEDOT:PSS to aqueous 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 (Fig-
ure 3.1). This increases the ohmic conductivity, which is attributed to the addition of the
ions present in PEDOT:PSS. However, higher concentration of 0.1 wt% PEDOT:PSS sup-
presses the ohmic conductivity, probably because the effect of increase in number ions is
offset by increase in viscosity of the mixture [43, 98, 44]. In addition, interfacial charge
transfer resistance is decreased significantly (Figure 3.1). This shows that increase in con-
ductive polymer not only increases the bulk transport of redox couple but also increases
36
Figure 3.4: Half-wave potential of 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 (green square), 0.4
M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.00625 wt% PEDOT:PSS (pink circle), 0.4 M Fe(CN)
3−
6 /
Fe(CN)4−6 + 0.06 wt% PEDOT:PSS + 0.015 wt% MWNT (blue triangle up ), 0.4 M
Fe(CN)3−6 / Fe(CN)
4−
6 + 0.005 wt% PEDOT:PSS + 0.015 wt% MWNT (purple triangle
down) as a function of temperature of isothermal cell.
the rate of charge transfer at the electrode. This implies that increasing wt% of conductive
polymer improves contact between the electrode and electrolyte.
The effect of MWNTs on the PEDOT:PSS dispersion is shown in Figure 3.2. A gradual
increase in conductivity is observed over the entire frequency range for each increment of
MWNT concentration. For small concentration of MWNT the spectrum shifted slightly
maintaining its shape, however at higher concentrations of MWNTs the change in spec-
trum was more significant, especially at lower frequency. It has been shown that polymer
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helps disrupt the CNT hydrophobic interaction with water and also disrupts the CNT-CNT
interaction, which prevents aggregation [114]. This behavior helps in dispersing CNTs in
polymer, forming a composite, which later can be dispersed in electrolyte. Conjugated
polymers have been known to display good binding with CNTs; in the absence of chemical
functionalization the polymer CNT interaction is solely by van der Waals forces [115, 116,
117]. The MWNTs were added to a high 3:1 ratio MWNT:(PEDOT:PSS). The increase
in conductivity shows the creation of percolated networks and interfacial polarization [43]
that facilitate charge transfer. At a higher MWNT concentration the spectra matches that
of a resistor (i.e., frequency independent).
Figure 3.5: Photograph of t-shape thermocell experimental setup to generate power.
Finally, the electrolyte composite of MWNTs and PEDOT:PSS was added to 0.2 M
Fe(CN)3−6 / Fe(CN)
4−





ure 3.3 and Figure A.2). Ohmic conductivity of 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 (Figure 3.3) is
about 1.7 times greater than that of 0.2 M Fe(CN)3−6 / Fe(CN)
4−
6 (Table A.2 and Table A.3).
For both the lean (4 times less than PEDOT:PSS) and rich (3 times more than PEDOT:PSS)
mixtures of MWNT similar trends of Rct and σ were observed. A slight increase in ohmic
conductivity was observed, while the decrease in interfacial charge transfer resistance was
much more significant for both mixtures. Lean mixture of MWNT had a maximum increase
of 8 % in ohmic conductivity for 0.00125 wt% of MWNT (PEDOT:PSS 0.005 wt%). Also,
for the same ratio, about a 5 times decrease in interfacial charge transfer resistance was
observed for 0.015 wt% of MWNT. As for the rich MWNT mixture about 10% increase
in ohmic conductivity was observed for 0.00375 wt% of MWNT and about a 5 times de-
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Figure 3.6: T-shaped thermocell performance using 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 (green
squares), 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.00625 wt% PEDOT:PSS (pink circles), 0.4 M
Fe(CN)3−6 / Fe(CN)
4−
6 + 0.06 wt% PEDOT:PSS + 0.015 wt% MWNT (blue triangles up),
0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.005 wt% PEDOT:PSS + 0.015 wt% MWNT (purple trian-
gles down) as a function of different temperature difference (∆ T). ∆T is the temperature
difference between hot and cold block. Voc/∆T is the ratio of the open circuit voltage and
temperature difference.
crease in interfacial charge transfer resistance for 0.025 wt% of MWNT. The increase in
ohmic conductivity can be attributed to the addition of ions present in PEDOT:PSS and the
interfacial polarization due to dispersed MWNT [43]. For the aqueous electrolyte the wt %
of MWNT was as low as 0.025 wt% of total solution to avoid percolation.
MWNTs dispersed in PEDOT:PSS added to an electrolyte increase the interfacial area
where dipoles can orient and hence increasing the ohmic conductivity [44]. Once the tem-
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Figure 3.7: T-shaped thermocell performance using 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 (green
squares), 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.00625 wt% PEDOT:PSS (pink circles), 0.4 M
Fe(CN)3−6 / Fe(CN)
4−
6 + 0.06 wt% PEDOT:PSS + 0.015 wt% MWNT (blue triangles up),
0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.005 wt% PEDOT:PSS + 0.015 wt% MWNT (purple trian-
gles down) as a function of different temperature difference (∆ T). ∆T is the temperature
difference between hot and cold block. Jsc/Voc is the ratio of short current density and open
circuit voltage.
perature difference is applied at the electrodes, a potential difference is generated at the
electrodes causing ions to migrate and charges on MWNTs to reorient. Reorientation of
charges on the MWNT helps in the migration of ions to charged surfaces (interfacial po-
larization) resulting in increase in ohmic conductivity. The decrease in interfacial charge
transfer resistance implies that nanoparticle addition improves contact between the elec-
trode and the electrolyte.
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Figure 3.8: T-shaped thermocell performance using 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 (green
squares), 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.00625 wt% PEDOT:PSS (pink circles), 0.4 M
Fe(CN)3−6 / Fe(CN)
4−
6 + 0.06 wt% PEDOT:PSS + 0.015 wt% MWNT (blue triangles up),
0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.005 wt% PEDOT:PSS + 0.015 wt% MWNT (purple trian-
gles down) as a function of different temperature difference (∆ T). ∆T is the temperature
difference between hot and cold block. Pcomposite /Pelectrolyte is the ratio of the maximum
power measured with and without the composite.
3.3.2 Cyclic Voltammetry
Temperature dependent cyclic voltammetry was performed on 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6
(Figure 3.4 and Figure A.3a) and compositions determined in the previous section corre-
sponding to 0.00625 wt% of PEDOT:PSS (Figure 3.1 and Figure A.3b) and Lean, rich mix-
ture corresponding to 0.015 wt% of MWNT (Figure 3.3, Figure A.3c and Figure A.3d). The
slope, which corresponds to Se is -1.5 mV/K for all electrolyte types and the corresponding
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∆S is -144.7 J K−1 mol−1, which is consistent with literature [37, 67]. Importantly, the
downward shift E1/2 suggest increase preference of the redox couple towards formation of
Fe(CN)3−6 i.e. (the equilibrium move to right in the following equation) in sample having





This effect is same as having a higher average temperature in the cell because as the tem-
perature is increased E1/2 decreases.
3.3.3 T-cell thermocell testing
The performance of thermocells having aqueous composite electrolyte was tested in T-cell
thermocell configuration (Figure 3.6, Figure 3.7 and Figure 3.8). The electrolyte compo-
sition was based on the enhancement in ohmic conductivity and reduction in interfacial
charge transfer resistance after the introduction of polymer and MWNT composite. The
temperature difference used in the calculation is the difference in temperatures of the heat-
ing and cooling blocks and not the temperature difference at the electrodes. To prevent
leakage from cell, the thermocouple could not be placed at the electrodes. The temperature
difference of the blocks recorded is higher than what is present at the electrodes due to
thermal resistance losses. The higher temperature difference measured at the heating and
cooling blocks results in a Voc/ ∆T less than 1.5 mV/K (Figure 3.6), which is the See-
beck coefficient recorded in the previous section. A power performance comparison for
electrolyte having a lean (more PEDOT:PSS), rich (less PEDOT:PSS) and no MWNT mix-
ture (only PEDOT:PSS) is compared with that of electrolyte with only 0.4 M Fe(CN)3−6 /
Fe(CN)4−6 (Figure 3.8). Each of the particle additions increased the Voc/∆T compared to
pristine electrolyte. (PEDOT:PSS):MWNT 1:3 produced the greatest increase in Voc/ ∆T.
This can be attributed to decrease in interfacial charge transfer resistance of the composite,
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Figure 3.9: Performance of t-shape thermocell with polymer and carbon nanotube com-
posite electrolyte versus time for ∆T approximately 60 K. Electrolyte composition 0.4 M
Fe(CN)3−6 / Fe(CN)
4−
6 + 0.005 wt% PEDOT:PSS + 0.015 wt% MWNT. Voc is the open cir-
cuit voltage (blue circle), Jsc is the short circuit current per unit cross-sectional area (orange
triangle) .
which helps in increasing the Voc [99]. The cell conductance Jsc/Voc has a positive slope
because the Jsc increase with each increment of ∆T is not matched by a corresponding
proportionate increase in Voc. Comparing the lean and rich mixture, the wt% of MWNT
was fixed at 0.015 wt% with PEDOT:PSS amount 0.06 wt% and 0.005 wt% respectively.
The lower wt% of PEDOT:PSS improves the performance, while increasing the wt% of
PEDOT:PSS increases viscosity which counteracts the positive effect of increase in PE-
DOT:PSS ions as the interfacial charge transfer resistance and ohmic conductivity is same
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for both mixtures at 0.015 wt% of MWNT (Figure 3.3). However, for both composites hav-
ing MWNTs, the power measured is more than without the MWNTs. The overall increase
in power output is about 1.30 times greater than without the composite for a ∆T of 40 K
for MWNT rich composite. The highest power achieved with composite was 0.5 W/m2
for a ∆T of 100 K. The overall enhancement in performance is a combination of reduc-
tion in interfacial charge transfer resistance, increase in ohmic conductivity and increase
in interfacial polarization. To test the stability of the enhancement, Voc and Jsc for t-shape
thermocell having rich mixture MWNT were measured over a 30 day period (Figure 3.9).
The stable performance suggest that polymer and carbon nanotube composite electrolyte
can be used for long term operation.
3.4 Conclusions
In this chapter, improvements in the electrochemical properties of the standard 0.4 M
Fe(CN)3−6 / Fe(CN)
4−
6 aqueous electrolyte have been achieved by introducing polymer and
carbon nanotube composite, which increases the ohmic conductivity and reduces the in-
terfacial charge transfer resistance. The improvement in performance is observed by a
systematic study of the effect of introducing first polymer only in the electrolyte and then
introducing polymer: CNT lean (4:1) and rich (1:3) composites. In the absence of chemi-
cal functionalization the interaction between CNTs and polymer is through van der Waals
forces, this interaction prevents CNT-CNT agglomeration and helps disperse CNTs in the
polymer. Lean and rich composite dispersed in electrolyte were tested in t-shape thermo-
cell, with rich CNT composite having the maximum power enhancement. The enhance-
ment is attributed addition in number of ions present in PEDOT:PSS, interfacial polariza-
tion and improve contact at the electrode/electrolyte interface.
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CHAPTER 4
INCREASE IN FIGURE OF MERIT ZT AND MOLECULAR DYNAMICS
SIMULATION OF ELECTRICAL CONDUCTIVITY FOR POTASSIUM
FERRI/FERROCYANIDE
The author would like to thank Anh Tran for help with Molecular Dynamic Simulation.
4.1 Introduction
Thermo-electrochemical cells (or thermocells) having potassium ferri/ ferrocyanide as elec-
trolyte is an inexpensive method to recover low grade waste heat. It is observed that the ad-
dition of multiwall carbon nanotubes and poly (3,4- ethylenedioxythiophene) poly(styrenesulfonate)
in aqueous potassium ferri/ ferrocyanide increase the figure of merit ZT by about 15 %.
The increase in ZT is attributed to reduction in thermal conductivity and increase in ohmic
conductivity of the new composite electrolyte. Moreover, it has been observed an inverse
favorable relationship exists between the two properties for each addition to the electrolyte.
In addition, we have carried out molecular dynamics simulation for potassium ferri/ ferro-
cyanide for the change ohmic conductivity as the concentration of it increases from 0.1M
to 0.4M.
Thermocells consist of two main components the electrolyte and the electrode. The
electrolyte is sandwiched between two electrodes. When a temperature difference is ap-
plied at the electrodes, oxidation and reduction takes place at the respective electrode. Pref-
erence to oxidation or reduction depends on temperature at the electrodes. The chemical
equilibrium equation for a common redox couple potassium ferri/ferrocyanide (Fe(CN)3−6 /






For potassium ferri/ferrocyanide, at the higher temperature electrode the equilibrium
shifts in forward direction and oxidizes (loss of electrons), while at the lower temperature
electrode it shifts in the backward direction and reduces (gain of electrons). The higher
temperature electrode behaves as an anode and lower temperature electrode behaves as a
cathode. The shift in equilibrium is explained by Le Châtelier’s principle or “The Equi-
librium Law” which states that when any system is subjected to change such as temper-
ature, the systems adjust itself to counterbalance the effect of the applied change. The
free energy difference of products and reactants at the electrodes generates the thermo-
electrochemical force (also known as an electromotive force, EMF). The resultant ions after
being oxidized/reduced at a specific electrode, get transported to opposite electrodes in the
thermocell. Meanwhile the electrons generated at the anode, due to the oxidation of ions
flow through the external circuit from anode to cathode and consequently get consumed by
the ions, reducing them at the opposite electrode. The transport of ions, within the fluid
medium of thermocell, is due to electrical or chemical potential between the two electrodes
or bulk movement of solution with the respective modes are called migration, diffusion
and convection. The transport of ions is one of the main performance limiting steps and
is described by property known as ohmic resistance (or its reciprocal ohmic conductivity).
Thermal aspects is also very important and is defined by the thermal conductivity of the






where σ is the ohmic conductivity, S is the Seebeck coefficient, T is the temperature and
λ is the thermal conductivity. Much of the recent work has focused on improving the
Seebeck coefficient by using ionic liquids [31, 89, 124] and using macromolecules [40, 41].
Electrical conductivity has largely remained low. While for the electrode, the use of carbon
nanotubes have resulted in increase power output and reduce the cost of thermocells by
replacing more traditional Platinum electrodes [47, 50, 66]. The increase in power output
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by using carbon nanotube electrodes is attributed to more electroactive surface area and
low charge transfer resistance.
Investigations by experiments are often assisted by modeling and simulation tools, be-
cause of its predictive modeling capacity. In the context of materials science, these com-
putational tools spans a wide spectrum from continuum to quantum level. At atomic level,
density functional theory (DFT) and molecular dynamics (MD) are among the most cel-
ebrated tools to capture the chemical reaction, as well as qualitatively calculate the bulk
properties of the substance. In MD simulation, the atomic motions are described by the
interatomic potential, which in turn can be obtained via density functional theory calcu-
lations. At every timestep, pairwise interatomic forces are computed based on the inter-
atomic potentials and the distance of two atoms. These pairwise forces are combined to
yield a total force acting on each atom, thus the corresponding velocities are computed.
The atomic positions are then updated using a numerical integrator, e.g. Verlet or leapfrog,
before the interatomic forces are computed again based on the updated atomic positions.
The process repeats over again until the timestep counter is satisfied. MD simulation has
been proven successful to measure bulk properties because of its natural periodic bound-
ary condition. To assist the experimental data of ferri/ferrocyanide solutions, the ohmic
conductivity calculations are performed using MD simulations. The simulation results are
found to be in good agreement with experimental data.Further computational studies will
include interfacial behaviors and interactions of PEDOT:PSS, multiwall carbon nanotubes,
and ferri/ferrocyanide with a charged platinum surface.
To that end, MD simulations is performed in this study firstly to support the experi-
mental results, and secondly to validate the ferri/ferrocyanide force-field [127] for future
studies. Given the multi-scale complexity and challenges of the electrolyte, it is necessary
to investigate the electrical properties of the ionic liquid potassium ferri/ferrocyanide and
water before MWNT, PEDOT:PSS, and the charged platinum interface are added. The sim-
ulated results are found to capture the main trend of increasing electrical conductivity with
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respect to increase in concentration, but substantially underestimate the experimental data,
more severely at lower concentration.
In this chapter, we observe that the addition of multiwall carbon nanotubes (MWNT)
and poly (3,4- ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) composite to
aqueous Fe(CN)3−6 /Fe(CN)
4−
6 increases its ZT by about 15 %. This is achieved by de-
crease in thermal conductivity and increase in ohmic conductivity in the new composite
electrolyte. The inverse change in the two properties is desirable for improved ZT and
higher efficiency of thermocells. Given the importance of ohmic conductivity of Fe(CN)3−6
/Fe(CN)4−6 for thermocells, we have carried out MD study. The simulation will serve as a
platform for further development of the electrolyte.
4.2 Experimental
4.2.1 Material and preparation
Potassium hexacyanoferrate (II) trihydrate (commonly known as potassium ferrocyanide)
and Potassium hexacyanoferrate (III) (commonly known as potassium ferricyanide) were
purchased from Sigma Aldrich having a molecular weight of 422.39 g/mol and 329.26
g/mol, respectively. PEDOT:PSS was purchased was purchased from Heraeus Clevios.
According to product specifications the PEDOT:PSS ratio by weight is 1:2.5 at 20 oC, the
viscosity is 15-50 mPas, the solid content is 1-1.3 % and the density is 1 g/cm3. MWNT
were purchased from US Research Nanomaterials, Inc. having stock number 4315. Ac-
cording to product specifications, the outside diameter is 50-80 nm, the density is 2.1
g/cm3, lengths is 10-20 µm and purity is greater than 95 %. Mixture of PEDOT:PSS
and Fe(CN)3−6 /Fe(CN)
4−
6 cynaide was made by dispersing the polymer using 30 min of
stirring, 30 min of sonication and 15 minute of stirring. Composite of PEDOT:PSS and
MWNT was made by dispersing the polymer using 30 min of stirring, 30 min of sonica-
tion and 15 minute of stirring. The composite of PEDOT:PSS and MWNT was disperse in
Fe(CN)3−6 /Fe(CN)
4−
6 by following aforementioned steps.
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4.2.2 Thermal conductivity measurement
Thermal conductivity of aqueous electrolyte were measured with a transient plane source
technique using TPS 2500 S. The instrument meet the testing standard (ISO/DIS 22007-
2.2) having accuracy better than 5 % and reproducibility of 1 %. Before each measurement,
the sensor were calibrate using material of known properties. Stainless steel bar and water
was used for calibration. Kapton sensor # 7577 was used for measurement and for each
sample 10 measurement were made. The measurement sensor was dipped in about 8 ml
of testing liquid. The measurement sensor was positioned such that it was completely
surrounded with testing liquid.
4.2.3 Ohmic conductivity measurement
Ohmic conductivity was measured using CH instruments model 660E potentiostat. The
procedure used is described in our previous work [70, 43]. To describe briefly, two plat-
inum electrodes were used to measure impedance over a wide frequency range 1MHz-0.02
Hz, DC signal of 0 mV and with an AC amplitude of 20 mV. The measured spectra was
fitted with Randles model with high frequency intercept on Nyquist plot corresponding to
ohmic resistance. The reciprocal of ohmic resistance corresponds to ohmic conductivity.
To obtain the exact value of ohmic conductivity, the system was calibrated to sample known
electrical conductivities. Potassium chloride of concentration 0.1M and 1.0M was used for
calibration. The electrolyte having composite was tested with electrodes 10 mm apart. No
short circuit was observed during the experiments.
4.3 Molecular dynamics simulations
4.3.1 Simulation settings
Table 4.1 shows the geometry settings of the MD simulations performed in this study, as
well as the number of atoms, molecules, and ions in the simulation cell. The numbers of
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ferricyanide [Fe(CN)6]3− ions and ferrocyanide ions [Fe(CN)6]4− are the same for all MD
simulations, varying from 6 to 33, depending on the concentration of the electrolyte. The
number of water molecules is roughly more than 3,000. The initial geometry of the sim-
ulation is created using Moltemplate [125]. The dimension of the cubic simulation cell is
a× a× a for all simulations, where parameter a is tabulated in the second column of Table
4.1. The dimension a of the simulation cell is carefully tuned to approximate the experi-
mental density for incompressible liquid eletrolytes. SPC/E [126]. water potential is used
Table 4.1: Geometry settings and number of atoms, molecules, and ions of MD simulations.




0.1M 46.3574 3330 42 6 6 1.0697
0.2M 45.0339 3053 77 11 11 1.1503
0.3M 46.3574 3330 126 18 18 1.2093
0.4M 45.0339 3053 154 33 22 1.2790
to model the interactions of water molecules. The parametrization of ferri/ferrocyanide
force-field is adopted from Table 1 in Prampoloini et al. [127], in which the intramolecu-
lar potentials are composed of harmonic stretching, bending, and torsional energies. The
intramolecular potential is expressed as

















i (φi − φ0i )2,
(4.3)




i are the reference bond length, bending angle, and torsional angle, respec-
tively, and Ki’s are the corresponding force constants. Partial charges for Fe, C, and N to
model electrostatic force using Coulomb’s law is transferred from Prampoloini et al. [127]
in Table 2. Figure 4.1 presents the geometry of the ferri/ferrocyanide ions in VMD [128].
Table 4.2 and Table 4.3 list the intramolecular force-field parameters and partial charges
that are used in this study, respectively. The interatomic potential functions are described
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Figure 4.1: Geometry of ferricyanide and ferrocyanide ions. The difference between these
ions are the bond lengths and corresponding stretching, bending, and torsional Ki’s force
constants.Color of atoms shown are Fe (pink), C (green) and N (blue).
























The LJ parameters for Fe3+/Fe2+ in Fe(CN)3−6 /Fe(CN)
4−
6 and O in water molecules is taken
from Ando [129], whereas the parameters for C and N is excerpted from Martiniano et al.
[130]. For K and O, LJ parameters is described in Lee and Rasiah [131]. The remaining po-
tentials are approximated using geometric mixing rule, σij =
√
σiσj and εij =
√
εiεj . The
simulation is performed using LAMMPS packages [132]. Short range force is neglected
if the interatomic distance between two atoms exceed the cutoff radius, whereas the long
range force is evaluated using PPPM method [133]. The geometry of water molecules is
constrained by SHAKE algorithm [134] throughout the simulation. Figure 4.2 presents a
snapshot of MD simulation in this study using VMD.
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Table 4.2: Bonded intramolecular force-field parameters in ferri/ferrocyanide ions [127].
[Fe(CN)6]3− [Fe(CN)6]4−
bond Ks (kcal/mol Å−2 r0) (Å) Ks (kcal/mol Å−2) r0 (Å)
Fe-C 155.2344 1.997 82.6244 2.035
C-N 2572.6606 1.176 2379.2091 1.186
angle Kb (kcal/mol rad−2) θ0 (deg) Kb (kcal/mol rad−2) θ0 (deg)
Fe-C-N 41.3241 180 46.9886 180
C-Fe-C 195.7220 90/180 231.9553 90/180
coplanar dihedral Kd (kcal/mol rad−2) φ0 (deg) Kd (kcal/mol rad−2) φ0 (deg)
C-C-C-C 84.7037 0 108.6999 0
N-N-N-N 84.7037 0 108.6999 0
Figure 4.2: Snapshot of MD simulation excluding water molecules. (Color iceblue, black,
and yellow atoms correspond to Fe3+,C,N in ferricyanide ions. whereas lime, mauve, and
ochre atoms correspond to Fe2+,C,N in ferrocyanide ions. The scattering orange atoms
represents K+ counterions.)
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The ohmic conductivity is proportional to the asymptotic slope of total sum of net displace-
ment for all ions within the solution. The equation of thermal conductivity was adopted














where kB is the Boltzmann constant, e is the elementary charge, V is the volume of the
simulation cell, ∆α(t) =
∑
i∈α δri(t) is the net displacement of all the ions of species α
and charge qα in time t. Before the simulation, an equilibration phase is carried out with
NVE ensemble and Langevin thermostat at 300K for 90 ps. The simulation is then run
for 1.50ns in NVT ensemble using the timestep of 0.5 fs. In this simulation study, two
concentration of ferri/ferrocynaide are performed: 0.2M and 0.4M. For 0.2M solution, the
number of ferri/ferrocynaide molecules are both 11, and the number of K+ counterions are
77. For 0.4M concentration, the number of Fe(CN)3−6 and Fe(CN)
4−
6 molecules are both 22,
and the number of K+ counterions is 154. The simulation volume is held constant during
the simulation to model the incompressible liquid.
Due to the big size of Fe(CN)3−6 /Fe(CN)
4−
6 ions inside the simulation cell, it is expected
that Equation 4.5 converges slowly. To cope with the expensive computation, we compute
numerically the first derivative of the ensemble average quantityQ =
〈∣∣∣∑Nαα qα∆α(t)∣∣∣2〉.
The first numerical derivative is then smoothed out using moving average of the time win-
dow of 100ps. Finally, the smoothed average quantity is then fitted to a bounded expo-
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nential model f(t) = a0e−a1t + a2, with constraints a1 > 0, a2 > 0, a0 + a2 > 0,
subject to nonlinear least square formulation. As t → ∞, the ohmic conductivity con-
verges asymptotically to a2. After units conversion, the ohmic conductivity is found to
be limt→∞ σ0.1M = 2.4979 Sm−1, limt→∞ σ0.2M = 8.0080 Sm−1, limt→∞ σ0.3M = 9.5749
Sm−1, limt→∞ σ0.4M = 13.8322 Sm−1. The MD simulation results are shown and com-
pared with the experimental results in Figure 4.3.
4.4 Result and Discussion
In the previous chapter, we demonstrated that introduction of MWNT and PEDOT:PSS re-
sults in increase in ohmic conductivity and reduction in interfacial charge transfer resistance
[70]. The composition of MWNT and PEDOT:PSS having maximum ohmic conductivity
from previous chapter were selected to measure there thermal conductivity. For S standard
value ranges from -1.4 to -1.6 mV/K, as it primarily depends on the concentration of re-
dox couple. But for Fe(CN)3−6 /Fe(CN)
4−
6 concentrations above 0.1 M, the S remains fairly
constant [51]. For the present chapter, a conservative value of S equals to -1.4 mV/K was
used for calculation. ZT value was calculated for the maximum operating temperature of
373.15 K. Figure 4.3 shows experimental change in thermal, ohmic conductivities and ZT
value for Fe(CN)3−6 /Fe(CN)
4−
6 as function of concentration.
The thermal conductivity decreases with each addition of solute to the solvent, as ad-
dition of solute impedes heat transport by the solvent. The maximum decrease in thermal
conductivity is observed for the composite having higher ratio of MWNT as compared
to PEDOT:PSS. Thermal conductivity decrease by about 5 % for MWNT rich composite.
The reduction in thermal conductivity helps to maintain a higher temperature difference be-
tween electrode and increases thermocell power [136]. The ohmic conductivity increases
with increased concentration of ions present in PEDOT:PSS, as more charge particles are
available to provide electrical conductance. The addition of MWNT also increase ohmic
conductivity due to interfacial polarization. MWNT are polarized when an electric field
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Figure 4.3: Thermal conductivity (black squares), ohmic conductivity (red triangles), MD
simulated ohmic conductivity (green triangles down) and ZT (blue circles) for Water, 0.2
M Fe(CN)3−6 / Fe(CN)
4−




6 (0.4 M),0.4 M Fe(CN)
3−
6 /





0.005 wt% +MWNT 0.00125 wt%(0.4M PC41),0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 +PEDOT:PSS
0.00125 wt% +MWNT 0.00375 wt% (0.4M PC13).
is applied, this can aid in the mass transport of ions. The increase of ohmic conductivity
is about 10 % for MWNT rich composite. Hence, a favorable inverse relationship exists




The MD simulation results capture the trend of increasing ohmic conductivity with re-
spect to increasing concentration, but underestimate the experimental data from 17.41%
to 50.10% in terms of relative errors, more severely at the 0.1M concentration. There are
three important factors that are sensitive to the simulated results. Firstly, the force-field
parameters are well-known to be one of the dominant sources of uncertainty in MD simu-
lation. While the force-field parameters are always calibrated to minimize the error within
each pair of atoms, the number of pairs scales as O(n2), where n is the number of atoms,
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and thus the uncertainty is magnified. Secondly, for relatively large ions and molecules,
such as ferri/ferrocyanide ions, the finite-size effect requires MD simulations to be ran suf-
ficiently long and the simulation cell to be sufficiently large to mitigate the possible effects
on the results. However, MD simulations are known to be limited within time scale (fs to
ns) and length scale (nm to µm), particularly when there are covalent and hydrogen bonds
with high vibrational frequency within the system, which leads to a decrease in MD time-
step. Ideally, the finite-size effect can be mitigated using large-scale MD simulation, but
in practice, it is often compromised due to constraints of computational resources. Thirdly,
because of the second factor, an analytical model is developed to predict the asymptotic be-
havior of the quantity of interest when t→∞, this model also introduces another form of
uncertainty in addition to the MD simulation. As such, it is helpful to understand the limi-
tations of MD simulation when comparing with the experimental results. The modeling
and simulation complexity of the electrolytes lies in the short time-scale of redox reaction
(fs) and the long time-scale (ns) and length-scale (µm) of polymers and MWNT. While
each substance has been studied fairly well using either ab initio, Born–Oppenheimer, or
classical MD simulations, it is challenging to model the mixture due to the computational
tractability. In this study, the electrical conductivity of ferri/ferrocyanide and water solu-
tion is attempted using MD simulation to investigate the application of ferri/ferro cyanide
force-field from Prampolini et al. [127], before other substances are added. The simulation
results are validated by comparison with the experimental data. The complex interactions
between ferri/ferrocyanide, MWNT, PEDOT:PSS, and the charged platinum surface in the
current study remain as an open question for future research.
4.5 Conclusion
It has been shown that the addition of MWNT and PEDOT:PSS, decreases the thermal con-
ductivity and increases the electrical conductivity of aqueous Fe(CN)3−6 /Fe(CN)
4−
6 . As a
consequence of this favorable reciprocal change in properties, theZT increases by about 15
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%. MD simulations are performed to support the experimental data. The electrical conduc-
tivity of the ionic solution of ferri/ferrocyanide as a function of concentration is assessed
using LAMMPS package with a slight modification. The bulk electrical conductivity is
then quantified using an analytical fitted model from the transient data, subjected to least
square error using nonlinear optimization method. The simulated results capture the trend
of increasing electrical conductivity with respect to increasing concentration and are found
to underestimate experimental data, yet still capture the main trend of increasing electri-
cal conductivity with respect to increase in concentration. Classical MD simulations can
offer some important computational insights at the quantum-atomistic level to capture the
complicated relationship of thermoelectric transport in the currently developed electrolyte,
where the physical limitation of experiments cannot reach.
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CHAPTER 5
THERMO-ELECTROCHEMICAL GENERATOR: ENERGY HARVESTING &
THERMOREGULATION FOR LIQUID COOLING APPLICATIONS
5.1 Introduction
Managing big data is a thermodynamics problem; decreasing size and increasing per-
formance of electronic devices necessitate the use of liquid cooling to dissipate massive
amounts of heat that is generated as a result. In locations such as data centers, CPU cooling
is accomplished through the use of air and liquid methods. Currently, the purpose of ex-
isting liquid cooling designs is to provide cooling to these high power CPU’s. A modified
liquid cooling design system that supplements current cooling architecture with the abil-
ity to harvest energy from the waste-heat emitted from these heat sources has been tested
and validated. An electrolyte capable of undergoing a reversible redox reaction is pumped
through a macro-channel flow thermo-electrochemical (thermocell). The heat energy flow
is coupled with electrical energy through the thermoelectic effect allowing cooling and
power harvesting to occur in parallel. Our current design generated 88 µW of power,
achieved a heat transfer coefficient of 450 W/(m2.K). This technology can be employed
in any location where liquid cooling is used, from CPU’s in data centers to battery packs
in electric vehicles. By providing cooling and energy harvesting these applications will
benefit from energy conversion and recycling.
The focus of present work is to harvest waste heat from data centers through us-
ing flowing thermo-electrochemical cell. The use of thermo-electrochemical cell can help
monitor temperature throughout the cooling system and energy harvested in process can be
used to relay this information to monitoring client. The work will enable thermocouple-
less and battery-less thermal management monitoring safety system for data centers. The
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United States is home to numerous data centers, large and small, boasting up to 12 million
servers which consume, at an annual rate of 91 billion kWh [139]. This is enough to power
all of the homes in New York City for a two years. It is projected that by 2020, that number
could increase to 140 billion kilowatt-hours annually. Keeping these data centers cool is
no simple tasks; with power densities of up to 578.7 kW/m2 and expelled heat of < 230◦C,
the wasted heat that must be removed consumes massive amounts of electricity. In data
centers, locations where many computing devices are stored and ran, resulting in high op-
erating temperatures and the need for effective cooling technologies. Nowadays, half of
the energy consumed in data centers is used to provide cooling in order to operate current
infrastructure in a manner that avoids catastrophic electrical component failure. In an at-
tempt to alleviate the low efficiencies of cooling technologies, liquid cooling has emerged
as a viable method [140, 141, 142]. The need for liquid cooling is ever present if we are
to keep up with Moore’s law. The demand for cooling and energy harvesting technologies
is likely to increase, hence, methods to improve thermal management and increase power
production will help reduce our carbon. footprint [143][144].
In an effort to maximize the voltage output and to overcome the material constraints,
cost-effectiveness, and reliability of current thermoelectric cells, new attempts have been
made to produce improved alternatives that focus on higher Seebeck coefficients.
5.1.1 Thermo-electrochemical Cells
One such, novel alternative is an inexpensive liquid-based thermo-electrochemical cell
(thermocell) that takes advantage of the temperature dependence of electrochemical redox
potentials to transfer electrons, Figure 5.1, and produce electric power. This is due to the
high Seebeck coefficient of the following reversible redox chemical reaction:
Fe(CN)3−6 + e
− ⇀↽ Fe(CN)4−6 (5.1)
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Ferricyanide Fe(III), binded to a CN− ligand, gets reduced in a half reaction at the first
electrode. It is a d5 system with 5 electrons in the d-orbital. The Fe(III) ion receives an
electron into its t2g d-orbital to become ferrocyanide, Fe(II). This is a favorable galvanic
cell reaction, because the reaction is spontaneous in the forward direction, i.e. its Gibbs
free energy ∆G is negative in the forward direction.
Now we must consider the oxidation half reaction of Fe(II) back to Fe(III), where an
electron is liberated from the t2g d-orbital and transferred to the external circuit.
Fe3+ + e− −−⇀↽ − Fe2+, E0 = 0.771 V (5.2)
This forward reaction is favorable, because the redox potential is positive and as a result the
reaction is spontaneous in the forward direction, i.e. its Gibbs free energy ∆G is negative
in the forward direction. This is shown as follows:
E0f > 0 (5.3)
∆Go = −nFE0f < 0 (5.4)
= −74.39 kJ/mol (5.5)
The backward reaction is not favorable under standard conditions since the backwards re-
action has a negative reduction potential, E0b < 0. This implies that the reaction is not
spontaneous in the backward direction, ∆G > 0. But the reaction we are studying is not
under standard conditions. If we were to heat up the oxidation half reaction, by raising the
temperature of the fluid, then we would be changing the Gibbs Free energy:
∆G = ∆H − T∆S. (5.6)
In fact we can raise the temperature just enough to thermally regenerate Fe(III) from Fe(II),
by making the backwards reaction spontaneous, i.e. making ∆G < 0. This allows us to
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continually oxidize and reduce the Fe ions within the fluid, allowing for continual transport
and flow of electrons. The Nernst equation assists us in quantifying this effect by which
the temperature difference for the half reactions affects the thermocell voltage potential.









where the entropy and enthalpy of the reaction are assumed to be constant, and the con-
centrations of the reducing and oxidizing agent are equal, Cr = Co. From eq. 5.7 we
can calculate the open circuit voltage we expect to see for a thermocell under a prescribed
temperature difference between two electrodes,




As seen, in order to maximize the voltage output we either increase the temperature






For our testing we chose a material, in this case an equimolar aqueous solution of
ferri/ferrocyanide, with a high Seebeck Coefficient of ∼ 1.4-1.6 mV/K [85, 32, 150]. This
resulted in a high open circuit voltage. Power generation requires a high voltage and cur-
rent output. To achieve the latter the use of expensive metals such as Platinum, as an
electrode material, was previously required. This was the case until recently, when MWNT
electrodes were introduced [47]. MCNTs have been shown to be an inexpensive substi-
tute to other expensive metals for their use as electrodes in thermocells and reported high
power conversion efficiencies 1.4 % of the Carnot efficiency.[49, 50, 67] The use of carbon
nanotubes has helped researchers look beyond the cost of thermocell development and has
focused researchers on performance parameters [33, 43, 48, 51, 52, 53, 70, 151] and prac-
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Figure 5.1: A canonical example of oxidations/reduction at hot and cold anode and cath-
odes for a stationary thermocell.
tical applications [54, 55, 56]. The problem, however, is low current generation due to high
mass transfer resistances, minimal electrode surface reaction sites, and no coupling of the
flow of the reversible redox couple with convective heat transfer.
Our research focused on reducing these mass transfer resistances by designing and
testing a flow thermocell where redox ions are driven from one electrode to another, Fig-
ure 5.2. This cell combines the power generation capabilities of a stationary thermocell
with the forced convection ability of liquid cooling; it was shown to be a viable alternative
to cooling high heat flux devices while concurrently generating power.
To understand current output, we must think of electron fluxes at the electrodes (both
anode and cathode) where there is a buildup of a current density. These current densities are
determined by the kinetics of the chemical reactions at the electrode i, i ∈ {anode, cathode}




















As mentioned previously, mass flow of the electrolyte is beneficial, as it would aid
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Figure 5.2: A canonical example of oxidations/reduction at hot and cold anode and cath-
odes for a flowing thermocell.
in movement of ions. For a typical thermocell, ion transport from the anode to the cathode
is restricted to diffusion and migration. However, in the flow thermocell the convection of
the electrolyte will replenish and remove any already oxidized or reduced ion species at
the electrode surface. Unidirectional flow would restrict movement of ions backwards and
would reduce one of the performance-limiting steps in thermocells, that of ion transport, to
and from electrode surfaces.
One of the biggest merits of thermocells is the decoupling of the working fluid’s
electrical and thermal conductivity, where ions dictate the electrical conductivity and the
solvent influences the thermal properties. Despite recent progress, a suitable application
that combines the aforementioned merits and that minimizes the limitations of thermocells,
has yet to surface. As such we have developed a technique that removes wasted low-grade
thermal energy from a system while also utilizing that wasted thermal energy as a driver
for producing usable electric energy.
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Figure 5.3: Hybrid cold plate (a) complete experimental setup (b) top plate showing elec-
trode and thermocouple position (c) bottom plate showing paths of electrolyte.
5.2 Experimental Design
Physical thermocell was designed and fabricated and numerous experiments were outlined
that validated its use as a heat sink and energy harvester. This device was realized by mak-
ing two design modifications to existing liquid cooling architecture. The first modification
that we made was to exchange the working fluid for an aqueous solution of a reversible
redox couple whose job is to transfer electrons at electrodes by undergoing a temperature
driven chemical reaction. The second modification we made was to insert electrodes into
the flow path of the working fluid; they act as locations where the working fluid can chemi-
cally interact and transfer electrons. Through these two modifications, we were able to test
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voltage, current, and power outputs for a given flow rate and heat flux inward in order to
determine the thermocell’s ability to convect heat and generate electricity.
5.3 Materials preparation
The solution of potassium ferri/ferro cyanide was made using Potassium ferricyanide (III)
and Potassium hexacyanoferrate (II) trihydrate were purchased from Sigma Aldrich having
a molecular weight of 329.264 g/mol and 422.39 g/mol, respectively. High volume of about
5000 ml was prepared. Due to high volume the concentration was increased in increments
to ensure complete solubility.
Fine extruded graphite rod having diameter 0.125” was purchase from Graphtek LLC.
According to product specifications the particle size is 0.02032 cm, density is 1.76 g/cm3,
thermal conductivity is 65 W/(m.K), felxure strength is 34.5 MPa and compressive
strength 66.2 MPa. Heat shrink tubing of dia. was used to isolate graphite electrode
from the cold plate to prevent short circuit.
The main parameters of interest in the system are the temperature of the fluid at the
electrodes, and the voltage/current output at the electrodes for a given electrode position. To
collect electrolyte temperature, in-line K-type thermocouples were utilized at the electrode
locations. Open circuit voltage and short-circuit current was recorded for 5 minutes using
CH instruments model 660E potentiostat. Average value of the measurement over this time
interval was taken for further study.Electric resistance heater were used to maintain the
bottom plate temperature constant. When temperature drops below the setting temperature,
heater is turned ON. When the set temperature is attained heaters turned OFF, however
of the bottom plate keeps rising few degrees above setting temperatures. This cycle of
maintaining a temperature at a set temperature typically took around 2.5 minutes. The
voltage as expected changed proportional to set temperature cycle. So in order to capture
the complete temperature (voltage) cycle Voc and Isc were measured for 5 minutes. The
measurements were repeated at least three times.
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5.4 Results
Reversible redox couple was pumped through a macro-channel heat exchanger that was
held at a constant temperature boundary condition. The higher the temperature gradient
that developed in flow direction, between electrodes, the more reduction and oxidation of
the working fluid will take place, resulting in a higher voltage output.
This thermal/electrochemical coupling arises by the forced convection the fluid; it
functions: (i) to remove heat from the system by convective heat transfer and (ii) to assist
in the migration of charge from electrode to electrode. Flow-rate effect on the thermal and
electrodynamics of the system was considered. It was found that a lower flow rate will
produce a larger path-wise temperature gradient, resulting in a higher electrical output be-
tween two path-wise electrodes. Consequently the heat transferred from the system will be
decreased due to a lower convective heat transfer coefficient. A higher flow rate, however,
will increase the amount of heat transferred from the system, but will decrease the temper-
ature gradient between electrodes, thus decreasing the electrical output. In this section we
discuss results of our simulations and experiments and perform a comparison of the two.
5.4.1 Simulations
In order to corroborate our experimental results, we performed multi-physics simulations
with COMSOL. The thermal and electrodynamic components of the simulation utilized
parameters that were consistent with our experimental set up: an aqueous solution of potas-
sium ferri/ferrocyanide with given channel dimensions [151]. It is important to note that
the working fluid is primarily water and that the addition of the ferri/ferrocyanide salts, at
0.4M concentration, do not result in a perceivable change to the boiling point of the fluid.
Given that our Seebeck coefficient is S = 1.4 [mv/K], and that the maximum temperature
of our fluid (prior to entering a phase change to gas) is Tmax = 373 K with the fluid at room
temperature being Tin = 293 K, then the maximum realizable voltage output has to be be-
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low Vmax = 0.11 V to avoid boiling. To show this, we plotted the temperature and velocity
distribution of the fluid is shown in Figure 5.4b. The boundary condition for simulation are
same as what were used in experiment:
• Average inlet velocity of 28.16 GPD
• No slip condition at the top and bottom surface of the channel
• Temperature at the bottom surface of the flow channel is 150 oC.
• The top surface is assumed to be adiabatic.
• The inlet temperature of the fluid is 20 oC.
• No ion flux through the top and bottom surfaces.
• Electrical insulation boundary condition applied to the top and bottom surfaces.
COMSOL Multiphysics model was developed using heat and mass transfer, Butler-
volmer, Nernst-planck and Navier stokes equations. The results for the COMSOL simula-
tion for bottom plate at constant temperature boundary condition are shown in Figure 5.4.
The temperature profile of the electrolyte is shown in Figure 5.4a. Temperature profile
shows that convective fluid is effective in maintaining a high temperature difference. The
velocity profile is shown in Figure 5.4b, shows that the maximum velocity is near the
center line and that no-slip boundary condition is at the surface of top and bottom plate.
The power performance is given by Figure 5.4c and Figure 5.4d. As expected a linear
relationship exists between voltage and current. The maximum power corresponds to half
open circuit voltage, this is where the internal resistance of thermocell equals the external
resistance. As the voltage and resistances are equal, the corresponding current is equal as
well and the maximum power is given by equation Equation 5.11.
Our simulations provided telling results as to the efficacy of the thermocell. The
temperature and velocity distribution of the working fluid, given a constant temperature
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Figure 5.4: COMSOL modeling for average flow rate of 28.16 gpd and distance between
the electrodes of 1.5” (a) Surface plot of temperature distribution (b) Surface plot of veloc-
ity distribution (c) Current vs voltage (d) Power vs voltage.
boundary condition, is shown in Figure 5.4a and Figure 5.4b. The results of the simu-
lation show a peak in short circuit current when the potential reduces to zero, shown in
Figure 5.4c. The simulations also show that the power output produces a peak, as shown in
Figure 5.4d at around 0.9µW . The maximum realizable power output numerically achieved
for our experimental flow rates, was 2µW, close to our simulation results Figure 5.4d.
5.4.2 Experimental
Our thermocell (Figure 5.3) was developed with equally spaced (1.5” apart) graphite elec-
trodes inserted into the flow path of the working fluid. With this spacing a total pair of 44
electrodes are available as a place where oxidation and reduction could occur. The power
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Figure 5.5: Hybrid cold plate performance for 0.14 M (brown), 0.2M (green), 0.3 M (pink)
and 0.4M (blue) potassium ferri/ferro cyanide between first-second graphite electrode that
are 1.5 inch (nearest) apart as function flow rate. Voc is the open circuit voltage.
performance between two adjacent electrodes Figure 5.5,Figure 5.6,Figure 5.7. The Voc
(Figure 5.5) is independent of the concentrations of the electrolyte, for high concentrations
near the saturation limit, identified in earlier literature [51][87][67]. However, the increase
in concentration has proportional effect on the measured current (Figure 5.6). The increase
in current is due to larger number of redox ions available for reaction at the electrodes,
as well as increase in electrical conductivity of the electrolyte. The increase in electri-
cal conductivity reduces mass transfer resistance of ions. The maximum power Pmax was
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Figure 5.6: Hybrid cold plate performance for 0.14 M (brown), 0.2M (green), 0.3 M (pink)
and 0.4M (blue) potassium ferri/ferro cyanide between first-second graphite electrode that
are 1.5 inch (nearest) apart as function flow rate. Isc is the open circuit voltage.
calculated using [34]:
Pmax = 0.25 ∗ Voc ∗ Isc (5.11)
Our results show that open circuit voltage (Figure 5.5) increases with a decrease
in flow rate because a slower flow rate raises the temperature gradient between the two
electrodes. The higher temperature difference due to a low flow rate increases the open
circuit voltage available at the electrodes. As mentioned previously the Voc is independent
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Figure 5.7: Hybrid cold plate performance for 0.14 M (brown), 0.2M (green), 0.3 M (pink)
and 0.4M (blue) potassium ferri/ferro cyanide between first-second graphite electrode that
are 1.5 inch (nearest) apart as function flow rate. Pmax is the open circuit voltage.
of concentration of the electrolyte, this is apparent from the fairly close scatter and the
various concentrations are represented by a single trend line. The higher temperature of the
down-line electrode also increases the conductivity of ions and consequently the current
output. Overall a maximum power output of 2 µW was recorded for a flow rate 28.16
GPD and redox species concentration of 0.4 M. For the current arrangement of 44 paires
of electrodes we achieved a maximum experimental output of 88 µW .
After measuring the power performance of adjacent electrodes, performance of the
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Figure 5.8: Hybrid cold plate performance for 0.14 M (brown), 0.2M (green), 0.3 M (pink)
and 0.4M (blue) potassium ferri/ferro cyanide between first-last graphite electrode that are
33.7 inch (furthest) as function flow rate. Voc is the open circuit voltage.
electrodes furthest apart (33.7”) was recorded (Figure 5.8,Figure 5.9,Figure 5.10). For a
convectional stationary thermocell the power drops as the electrodes are taken further apart
because the ohmic (ion mass transfer) resistance increases. For a stationary TEC, if the
electrodes are kept at constant temperature and are moved further apart from each other
the Voc will remain same as temperature difference is constant but the current will drop
as the internal ohmic resistance of thermocell increases. However, the Voc, Isc and Pmax
were observed to be higher than in the case of near-pair electrodes. This was due to higher
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Figure 5.9: Hybrid cold plate performance for 0.14 M (brown), 0.2M (green), 0.3 M (pink)
and 0.4M (blue) potassium ferri/ferro cyanide between first-last graphite electrode that are
33.7 inch (furthest) as function flow rate. Isc is the short circuit current.
temperature difference present for the electrodes which are further apart. The higher tem-
perature difference was able to overcome the increase in ohmic resistance that was a result
of an increase in electrode separation spacing [32] [83]. The trend for Voc, Isc and Pmax
is having a power law relationship with respect to flow rate, the power law trend is more
apparent with Pmax as it is a product of two variables open circuit voltage and short circuit
current.
In addition to converting waste-heat, the flow thermocell will also provide convective
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Figure 5.10: Hybrid cold plate performance for 0.14 M (brown), 0.2M (green), 0.3 M
(pink) and 0.4M (blue) potassium ferri/ferro cyanide between first-last graphite electrode
that are 33.7 inch (furthest) as function flow rate. Pmax is the maximum power.
cooling. The convective heat transfer coefficient is a major bottleneck in achieving low
thermal resistance for cooling. Cooling performance is assessed by calculating the average
heat transfer coefficient (Figure 5.11) at the entrance and along the entire thermocell. The






whereQconv is the amount of energy convected from the bottom surface,A is the area of the
heated surface and ∆Tlm is the log mean temperature difference. The average heat transfer
coefficient is about 7 fold higher at the entrance than for the entire plate, this is because the
thermal boundary layer thickness is zero at the entrance. As the thermal boundary layer
develops the average heat transfer coefficient decreases. Along the rest of the thermocell
an average heat transfer coefficient of 450 W/(m2.K) (Figure 5.11b) was achieved. This
value is about an order of magnitude larger than free air convection and two-fold higher
than forced air convection [152].
The geometry of the cold plate channel is 6.35 mm by 19.05 mm (0.25” by 0.75”).
The heat transfer coefficient varies inversely with channel width [153]. Future use of a mi-
crochannel heat exchanger that has a channel width less than 1 mm should be considered
to enhance the heat transfer coefficient and resultant cooling capability [154]. Jet impinge-
ment can also be used to increase the heat transfer coefficient. For our current setup the
highest Reynold number was about 340 (laminar, Re < 2300) corresponding to flow rate
93.87 GPD. Turbulent flow will also increase the heat transfer coefficient.
Figure 5.11: Average heat transfer coefficient as function of flow rate (a) at entrance be-
tween first and the second electrode 1.5 inch apart (b) between the first and the last electrode
33.7 inch apart.
75
Figure 5.12: Average Nusselt number calculated for the entire cold plate experimental (red
square), rectangular channel literature data (yellow triangle) and circular channel literature
data (orange circles).
The flow is simultaneously developing the hydrodynamic and thermal boundary lay-
ers. This is suitable for maximum heat transfer. To compare the data with existing empirical
models, the non-dimensional Nusselt and Reynold number were calculated for our setup
(Figure 5.12). The non-dimensional data compared well with the limited literature available
for simultaneously developing flow for rectangular [155] and circular channels [152][156].
To compare the heat convection capability of our thermocell with that of other liquid
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where ∆T is the temperature difference between the inlet and outlet of the fluid and Qin is
heat in.
5.5 Discussion
A balancing acts arises between the amount of energy harvested and amount of heat
that is convected away, as they have inverse relation to flow rate. This was shown by
the observed inverse relationship between the flow rate and power output where (Fig-
ure 5.7,Figure 5.10) the heat transfer coefficient decreases with decreased flow rate (Fig-
ure 5.11).
In our current design of the flow thermocell all of the electrodes are inline and in-
serted into the top plate. The electrodes interact with the flowing fluid and are influenced by
the temperature of the fluid. They increase in temperature primarily due to the convective
heat transfer of heat from the boundary condition to the flowing fluid. The inline tempera-
ture gradient that results is perpendicular to the maximum temperature difference available
(i.e. between the top and bottom plate). To take advantage of the maximum temperature
gradient available in the perpendicular direction, electrodes need to be located on the top
and bottom of the thermocell. This will also help address the inverse relationship between
the energy harvested and the heat transfer coefficient, as in this case the increasing flow
rate will help increase heat transfer and will also help in maintaining the high temperature
difference between the top and bottom electrodes.
To investigate the proposed configuration, COMSOL simulation was carried out. The
geometry and all other boundary conditions were kept constant. The only modification
was the position of electrodes which were changed to being located perpendicular to the
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Figure 5.13: Thermal resistance of cold plate as a function of flow rate.
direction of the heat flux. Our simulations demonstrated a maximum power output that in-
creased by 7.4 times (details can be found in the next Chapter). Given 44 pair of electrodes,
a combined power of 651 µW will be available. This power can be useful in powering low-
powered devices such as temperature sensors and monitors.
Presently, low-cost low-power temperature sensors are used in key locations to mon-
itor temperature and forward the information via relay nodes to operators [157][158]. By
employing the thermoelectric effect, our thermocell we can monitor temperature without
the need of these sensors since the voltage output will be proportional to the temperature of
the device temperature. As a result, real-time monitoring of temperature throughout places
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such as data centers at any instance will be possible. Knowledge of the complete temper-
ature profile of data centers will greatly reduce chances of hot spot occurrence and device
damage [157]. By employing a flow thermocell cell sensors and monitors can operate
without batteries. This application can be extended to wherever liquid cooling is employed.
One such example is in battery packs of electric vehicles. Liquid cooling provides greater
safety, performance, and longevity of battery life compared to traditional cooling methods
[159, 160]. The novel thermocell design can by complementing existing safety features in
batteries while also providing temperature profiles (Figure B.1).
5.6 Conclusion
The fTEC has been shown to cool high heat flux devices and harvest electrical energy from
the waste-heat, in parallel. Its’ development can be extended to all application employing
liquid cooling. The current design is yet to be optimized both in terms of electrode ma-
terial and electrode position. In its current state we can harvest 88 µW of power which
can be useful for powering low-powered devices such as wireless sensors used in sending
information such as temperature profiles to a central monitoring client. fTEC also showed
a cooling performance in terms of the heat transfer coefficient of 450 W/(m2.K) which is
an order of magnitude higher than that of free air convection and two-fold higher than that
of forced air convection.
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CHAPTER 6
OPTIMIZATION OF ELECTRODE MATERIAL AND GEOMETRY FOR FLOW
THERMO-ELECTROCHEMICAL CELL
6.1 Introduction
In the last chapter flow thermo-electrochemical cell (fTEC) was invented to harvest
waste heat. This chapter will focus on improving the performance of fTEC. This would
be achieved by improving the electrode material and their positioning.
Carbon nanotubes (CNTs) first documented evidence dates back to 1950s [161].
However, it was not until Suimo Iijima landmark work “Helical microtubules of graphitic
carbon”, that CNTs became focus of intense research [162]. The monumental work, ex-
plained the formation of CNTs then referred as graphitic carbon needles through arc dis-
charge evaporation method. The CNTs formed had diamater is the range of 4 to 30 nm and
length of 1 µm. The carbon nanotubes were grown on the negative electrodes, in an argon-
filled chamber with pressure of 100 tor. CNTs are cylinders of graphene, mainly consisting
of two main types, single-wall nanotube (SWNT) and multiwall nanotube (MWNT). They
may have open or close ends. Diameter of SWNTs is typically between 0.8 to 2 nm while
for the MWNT it is between 5 to 20 nm. Length of CNTs ranges from 100 nm to sev-
eral centimeters. The wide range in the length dimension help bridge the gap between
molecular to macroscopic scales.
The immense research interest in CNTs is due to its exceptional electrical, thermal
and mechanical properties. CNTs can be metallic or semi conducting depending on there
chirality i.e. orientation of graphene lattice with respect to tube axis. MWNTs can carry
current upto 109 A cm−2. Individual SWNTs can have thermal conductivity as high as
3500 W m−1K−1 at room temperature which is more than diamond. For individual CNTs
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the elastic module is about 1 TPa and tensile strength is 100 GPa. However, for bulk
material such as CNT sheets and yarns, the thermal conductivity and mechanical strength
remains low. Efforts are needed to developing understanding as to why the bulk material
thermal and mechanical properties are much lower.
CNTs have greatly improved the efficiencies and power densities of thermocells. CNTs
have replaced more expensive Platinum electrodes, as a more cost effective and more effi-
cient alternative. More importantly, they have helped researchers look beyond the cost of
thermocells and focus on performance parameters.
6.2 Electrode Configuration that Maximizes Pout
In the last chapter, flow thermo-electrochemical cell (fTEC) was invented. It was shown
that flowing electrolyte can simultaneously provide cooling and be a source of energy har-
vesting. The electrodes were positioned such that all of them were attached to the top
plate i.e. the cold side. It has been identified that in order to harvest maximum energy
the electrodes need to be located on hot and cold side. To take advantage of a more fa-
vorable positioning of electrodes, the electrodes would be place perpendicular to heat flux,
as shown in Figure 6.1. In order to maximize Pout we need to maximize the temperature
gradient in between anode and cathode surfaces without moving them far apart.
To better understand the benefit of having electrode in different configuration, temper-
ature profile present inside the cold plate was simulated using COMSOL. The temperature
profile can be seen in Figure 6.2. Heat flux is applied at the bottom plate to maintain
temperature of the bottom side around 393.15 K, labeled as Th. The top side is exposed
to ambient temperature at 20 oC. Top side temperature (Tc) increases gradually along the
length of the channel, indicating that forced convective fluid is effective in removing sub-
stantial amount of heat from the cold plate. Tm is the temperature of the fluid along the
centerline of fluid flow, the increase of which is considerably higher than that of Tc. With
electrodes inserted on the top plate, the mean temperature at the outlet (Tm,o) determine the
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Figure 6.1: Electrode configuration on top and bottom plate.
maximum potential available for energy harvesting. To take advantage of maximum poten-
tial electrodes need to be further apart on the top plate, while this would ensure a higher
temperature available (more voltage) but will also increase the ohmic drop (less current).
Looking at Figure 6.2, it is clear that the maximum potential is temperature available is be-
tween the top and bottom plate (Th-Tc) and is also fairly constant, as opposed to electrodes
at the top plate (Tm,e-Tm).
To take advantage maximum temperature available (Th-Tc), COMSOL simulation was
carried out with electrode on the top and bottom of the flow channel, on the plane perpen-
dicular to the direction of heat flux shown in Figure 6.1. Having electrodes located on top
and bottom plates will increase the maximum power output due to availability of higher
temperature difference. The COMSOL simulation showed that the power output would
82
Figure 6.2: Temperature profile inside the cold plate as a function of length (x). Th is the
temperature of the bottom plate where the heat flux is provided by heater, Tm,o is the mean
exit temperature at the outlet, Tm is the mean temperature of the fluid as it flows through the
channel and Tc is the temperature of top plate exposed to ambient. Temperature potential
with electrodes inserted on the top plate is Tm,e-Tm, represensted by the yellow shaded
region. Tempererature with electrodes located on the top and bottom electrode is Th-Tc
represented by the green pattern pattern in addition to yellow shaded region.
increase by 7-fold, as shown in Figure 6.3.
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Figure 6.3: COMSOL simulation, power comparison between electrode on just the top
plate (black square) vs those on both the top and bottom plate(red circle).
6.3 MWNT buckypaper electrodes
MWNT electrodes were used to improve power performance of fTEC. CNTs of the form
buckypaper were used. The use of CNTs would provide faster charge transfer kinetics and
increase in electrochemically active surface area for electrode/electrolyte interaction. This
is evident from the cyclic voltammetry (CV) scan of the graphite electrodes and MWNT
buckypaper electrodes (Figure 6.4). The CV scan shows that the peak current increase
by about 30 %, this shows that MWNT buckypaper provides more electrochemically active
surface area. The peak separation decreases from 0.15 V to 0.095V for MWNT buckypaper,
indicating that the reaction is comparatively more reversible. The ratio of peak current for
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MWNT is 0.92 and for graphite is 0.82. The ratio of peak current for MWNT is closer
to 1, suggests that reaction at the MWNT buckypaper electrodes is comparatively more
self-regenerative.
Figure 6.4: Electrode configuration on top and bottom plate.
To investigate the increase in current observed in the CV scan, scanning electron mi-
croscopy was carried out to observe the surface of the graphite and MWNT buckypaper.
The surface of the graphite is fairly smooth, shown by Figure 6.5c having length scale of
2 µm, compared to nanostructured MWNT buckypaper (Figure 6.6a). The nanostructuring
of MWNT provide the higher electrochemically active surface area.
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Figure 6.5: SEM images of graphite electrodes (a) scale bars correspond to 300 µm (b)
scale bars correspond to 20 µm (c) scale bars correspond to 2 µm.
Figure 6.6: SEM images of MWNT buckypaper electrodes (a) cross-sectional view with
scale bar correspond to 1 µm (b) cross-sectional view with scale bar correspond t 200 nm
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6.4 Experimental
MWNT buckypaper was purchase from Nanocomp Technologies, Inc having product num-
ber XAA-0075-01 (Figure 6.6). The MWNT buckypaper is of lengths of approximately 100
µm, thickness 35 µm and diameter of 10 nm. The MWNT buckypaper is prepared by first
dispersing MWNNTs in surfactants and aqueous solution. The mixture is then filtered and
compressed to form a uniform sheet. The MWNT buckypaper was attached with copper
wire with the help electrically conductive silver expoxy. Silver epoxy was purchases from
Epoxy Technology Inc. having a product number EJ2189-LV. The MWNT buckypaper
were attached to top and bottom with help of electrically insulating two sided tape. The
electrically insulating tape is necessary to prevent short circuit between electrodes.
Figure 6.7: The schematic shows the positioning of the electrodes ET1, EB1 and ET2, where
T stands for electrodes on top plate and B stands for electrodes on the bottom plate. The
heat is supplied (Qin) at the bottom of cold plate. The electrolyte flows from left to right.
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6.5 Power performance of MWNT buckypaper electrode
The MWNT buckypaper electrodes were tested in the configuration shown in Figure 6.7.
This configuration helps to compare electrodes parallel and perpendicular to heat flux.
The Voc is shown in Figure 6.8. The open circuit voltage for the electrodes facing each
other is comparable to electrodes in-line. The flow is simultaneously developing flow with
respect to both velocity and thermal boundary layer. Therefore, the temperature gain at the
adjacent electrodes is comparable to electrodes facing each other. This is represented by
the comparable open circuit voltage.
Figure 6.8: Open circuit voltage measured as a function of flow rate on the top plates only
(green circle), top and bottom plates (pink square).
Unlike the open circuit voltage, the short circuit current Figure 6.9 is considerably
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higher for electrodes facing each other. In addition to the high temperature difference
available in the direction parallel to heat flux, the high current is attributed to short distance
between the electrodes ET1 and ET2. The distance of electrodes facing each other is 4.5
times smaller than the adjacent electrodes. The shorter distance between the two electrodes,
means larger the short circuit current due to lower ohmic drop.
Figure 6.9: Short circuit current measured as a function of flow rate on the top plates only
(green circle), top and bottom plates (pink square).
The maximum power is shows in Figure 6.10. This is calculated by Pmax = 0.25 ∗
Voc ∗ Isc. The higher open circuit voltage and shorted circuit measured manifests in higher
power measured. The geometry of the electrodes is 12.7 mm by 3.175 mm. Normalizing
the maximum power by the cross-sectional area, a maximum power density of 0.36 W/m2
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is measured which is 7.3 times the power density measured in the last chapter. The present
flow thermo-electrochemical generator has a temperature of bottom plate maintained at 150
oC to maximize the heat input and a flow rate is maintained such that to prevent boiling (100
oC) of the electrolyte as that leads to unstable and low power output. At flow rate below
28.16 gpd unstable power is recorded due to boiling of the electrolyte.
Figure 6.10: Maximum power measured as a function of flow rate for electrodes on the top
plates only (green circle), top and bottom plates (pink square).
Figure 6.11 shows the possible uses of fTEC, it can provide cooling while simultane-
ously generating power, monitoring temperature and powering a wireless sensor enabling
thermocouple-less battery less thermal management system.
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Figure 6.11: Schematic of flow thermo-electrochemical cell fTEC showing how electrolyte
is providing cooling to data center rack, while simultaneously using the extracted heat
to develop power and record temperature. The harvested energy can be useful to power
wireless router to communicate with the central temperature monitoring system. Tc and TH
is cold and hot temperature of the electrolyte at inlet and exit respectively.
6.6 Conclusion
The performance of fTEC has been improved by better electrode material and geometry.
Employing MWNT electrodes has provided larger surface area and faster kinetics for the
redox couple. Also, the more favorable electrode configuration takes advantage of maxi-
mum temperature and shorter distance between the electrodes. As a consequence the power





Thermocells are an inexpensive method to convert thermal to electrical energy. In this
dissertation electrochemical properties of the standard electrolyte were studied, thermocells
was applied in flowing electrolyte configuration and the design was optimized to enhance
power output.
In chapter 3, a composite of poly (3,4- ethylenedioxythiophene) poly (styrenesul-
fonate) and carbon nanotube was dispersed in potassium ferri/ferro cyanide. The new
composite was studied using electrochemical impedance spectroscopy. Analysis of spectra
revealed that the conductivity increase by about 10 % and the interfacial charge transfer
reduced by 5-fold. The power output increase by about 30 % in the new electrolyte.
In Chapter 4, the work from the previous chapter was extended by measuring the
thermal conductivity of the composite electrolyte. It was found the addition of the poly
(3,4- ethylenedioxythiophene) poly (styrenesulfonate) and carbon nanotube produces an
inverse relationship between the electrical and thermal conductivity, producing an increase
in ZT by about 15 %.
In Chapter 5, flow thermo-electrochemical cell (fTEC) was identified, fabricated and
implemented. The fTEC provides cooling and harvest waste heat. In the initial design
graphite electrodes were placed in the path flowing electrolyte. As the electrolyte gained
temperature, the ions interacted with electrodes at higher temperature to generate electron
that flows through an external circuit and in eventually consumed at the cold electrode.
Interestingly, it was seen that seperating electrode spacing did not reduce power output, as
the gain in temperature is more than the increase in the ohmic drop.
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In Chapter 6, the fTEC was optimized for electrode configuration and electrode ma-
terial. By placing electrodes at the cold and hot plate, the system takes advantage of the
maximum temperature difference that is present. The use of MWNT buckypaper provided
the faster charge transfer kinetics and increase surface. The improved design increased the
power output from 0.05 W/m2 to 0.36 W/m2.
7.2 Recommendations
7.2.1 Development of ionic liquids
The use of ionic liquids in thermocells have help address one of its major limitation of i.e.
operating above 100 oC. Also, Seebeck coefficient as high as 7 mV/K have been realized
[31]. However, the major bottleneck for the use of ionic liquid is to have ohmic conductivity
comparable to aqueous based electrolytes. The three key parameters for thermocell are
Seebeck coefficient, ohmic and thermal conductivity. While the first variable is an interface
phenomenon taking place at the electrodes, the later two are happening in the bulk solution.
For further development of ionic liquids understanding the complex phenomenon asso-
ciated with Seebeck coefficient and the use computational aids such as Molecular Dynamic
Simulation are pivotal to help aid the process. For example dissolving transition metal re-
dox couples in organic liquids, the reorganization takes place at the inner shell i.e. between
the metal and surrounding ligands and also at the outer shell i.e. between the ligands and
the solvent. Both structural reorganization affects Seebeck coefficient and each depending
on the nature transition metal, surrounding ligand and solvent, making it computationally
intensive. However, given the robust nature of computational tools, they can help in further
development and deepen understanding of phenomenon associated with ionic liquids.
In this dissertation, Molecular Dynamic Simulation was developed to simulate the elec-
trical conductivity. In future work thermal conductivity computational model will be de-
veloped. Combining various properties would help in further development of thermocell.
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Figure 7.1: Flow thermo-electrochemical energy generator around a heat pipe.
7.2.2 Thermo-electrochemical Generator around a heat pipe
In this dissertation thesis, fTEC has been invented which can provide cooling and harvest
waste heat from electronic applications in particular data centers. An extension of this
work is proposed to design a fTEC around a heat pipe. Pipe are the most common piece
equipment used for transporting fluid between different mechanical components and dis-
tant locations. While temperature difference between mechanical components can be quiet
large, the temperature difference for transporting liquid can be small. This temperature
difference can be useful for monitoring temperature and powering wireless sensors. To
this end, a flow thermo-electrochemical generator is recommended (Figure 7.1). The flow
thermo-electrochemical generator in addition to power harvesting can also provide cooling.
The Figure 7.1 shows the thermocell around a heat pipe. For initial design standard
stainless steel piping can be used. On the interior of piping flexible heaters can be used
to simulate a warm fluid. On the exterior of pipe another pipe can be used for electrolyte
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Figure 7.2: Thermo-electrochemical cooler and heater.
flow. For the initial design graphite can be used as electrodes. Electrical insulation is
most important to prevent electric short circuit and to ensure that a potential difference is
generated with fluid at different temperatures.
Figure 7.3: Liquid Thermo-electrochemical cooler and heater.
7.2.3 Reverse thermo-electrochemical generator or Thermo-electrochemical cooler and
heater
Thermo-electrochemical cells have low efficiencies of converting heat to electricity. How-
ever, its reverse cycle is proposed i.e. to converts electricity input to generate temperature
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difference. The reversal of cycle will increase temperature of one of the electrodes, the
plate attached to it will serve as a heater while the other electrode temperature will reduce
and the plate attached to it will serve as a cooler. Both the hot and the cold plate needs to
be thermally insulated by a material having low thermal conductivity.
Figure 7.2 provides a schematic that would provide heating and cooling to adjoining
surface or air. Reverse thermo-electrochemical generator can also heat and cool liquid flow-
ing over the plates as shown in Figure 7.3. The higher heat capacity of the liquid as com-






ELECTRONIC SUPPLEMENTARY INFORMATION FOR CHAPTER 4
A.1 Electrochemical impedance spectroscopy fitting parameters
Table A.1: Fitting parameters for electrochemical impedance spectra for increased wt% of
PEDOT:PSS in distilled water. The fitting was done using Randles equivalent circuit. Rs
is the ohmic resistance; Rct is the interfacial charge transfer resistance; W is the Warburg
impedance; C is the double layer capacitance; and σ is the ohmic conductivity of the solu-
tion. Distilled water conductivity was measured with Fisher scientific traceable expanded
range conductivity meter.
PEDOT:PSS wt% Rs(Ω) Rct(Ω) W(Ωs−0.5) C(Ω−1s) σ(Sm−1)
0 N/A N/A N/A N/A 1.30E-04
0.025 2.01E+04 1.00E-03 2.42E-06 8.96E-07 1.65E-02
0.05 1.80E+04 1.00E-03 2.47E-06 6.13E-07 2.67E-02
0.075 1.32E+04 1.00E-03 2.52E-06 4.96E-07 3.65E-02
0.1 1.05E+04 1.00E-03 2.50E-06 3.96E-07 4.60E-02
0.125 8.63E+03 1.00E-03 2.52E-06 3.44E-07 5.57E-02
0.15 7.42E+03 1.00E-03 2.53E-06 3.14E-07 6.49E-02
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Table A.2: Fitting parameters for electrochemical impedance spectra for increased wt% of
PEDOT:PSS, CNT composite. The composition of MWNT:(PEDOT:PSS) 1:4 was added
to 0.2 M Fe(CN)3−6 / Fe(CN)
4−
6 . The fitting was done using Randles equivalent circuit. Rs
is the ohmic resistance; Rct is the interfacial charge transfer resistance; W is the Warburg
impedance; C is the double layer capacitance; and σ is the ohmic conductivity of the solu-
tion.
PEDOT:PSS wt% MWNT wt% Rs(Ω) Rct(Ω) W(Ωs−0.5) C(Ω−1s) σ(Sm−1)
0 0 47.68 14.75 0.0134 2.03E-06 10.09
0.0025 0.000625 46.57 7.658 0.0135 1.80E-06 10.33
0.0075 0.0001875 46.46 7.718 0.0135 1.81E-06 10.36
0.015 0.00375 46.91 7.68 0.0134 1.77E-06 10.26
0.02 0.005 47.28 7.816 0.0133 1.79E-06 10.18
0.03 0.0075 48.2 4.596 0.0133 1.53E-06 9.98
0.06 0.015 48.24 4.8 0.0131 1.46E-06 9.97
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Table A.3: Fitting parameters for electrochemical impedance spectra for increased wt% of
PEDOT:PSS, CNT composite. The composition of MWNT:(PEDOT:PSS) 3:1 was added
to 0.2 M Fe(CN)3−6 / Fe(CN)
4−
6 . The fitting was done using Randles equivalent circuit. Rs
is the ohmic resistance; Rct is the interfacial charge transfer resistance; W is the Warburg
impedance; C is the double layer capacitance; and σ is the ohmic conductivity of the solu-
tion.
PEDOT:PSS wt% MWNT wt% Rs(Ω) Rct(Ω) W(Ωs−0.5) C(Ω−1s) σ(Sm−1)
0 0 47.68 14.75 0.0134 2.03E-06 10.09
0.0025 0.0075 46.64 13.32 0.0137 1.19E-06 10.32
0.0075 0.0225 46.59 10.23 0.0137 1.45E-06 10.33
0.015 0.045 46.33 10.47 0.0136 1.42E-06 10.39
0.02 0.06 46.12 10.67 0.0136 1.14E-06 10.43
0.03 0.09 46.24 10.86 0.0135 1.40E-06 10.41
0.06 0.18 46.86 11.75 0.0132 1.34E-06 10.27
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Figure A.1: Electrochemical impedance spectra of increasing PEDOT:PSS (wt%) in 0.4 M
Fe(CN)3−6 / Fe(CN)
4−
6 . Inset shows an enlarge scale.
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Figure A.2: Electrochemical impedance spectra of increasing MWNT (wt%) on 0.4
M Fe(CN)3−6 / Fe(CN)
4−
6 using MWNT:(PEDOT:PSS) 1:4 composite(a) , MWNT: (PE-
DOT:PSS) 3:1 (b). Insets show an enlarge scale
102
A.2 Cyclic Voltammetry
Figure A.3: Cyclic Voltammetry of 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 (a), 0.4 M Fe(CN)
3−
6 /




6 + 0.06 wt% PE-
DOT:PSS + 0.015 wt% MWNT (c), 0.4 M Fe(CN)3−6 / Fe(CN)
4−
6 + 0.005 wt% PEDOT:PSS
+ 0.015 wt% MWNT (d) as function isothermal cell temperature 20 oC (black), 30 oC (red),
40 oC (blue), 50 oC (magenta), 60 oC (olive), 70 oC (navy), 80 oC (violet). As temperature
is increased peaks shift to the left and current increases. The half-wave potential also shifts
to left (decreases) for (b), (c), (d) compare to (a) as shown in Figure 3.4 of Chapter 4.
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APPENDIX B
PROPOSED DESIGN FOR HARVESTING ENERGY FROM WASTE-HEAT IN
AN ELECTRIC VEHICLE BATTERY PACK
Effective thermal management of batteries is integral for battery safety. By implementing
the technology studied in this paper, in the following manner, we can read out a compre-
hensive temperature distribution of the coolant simply based off of the voltage and power
output at different electrode surface pairs as shown in Figure B.1. This would complement
existing safety features found in these battery packs.
Figure B.1: Bottom left is a typical configuration in battery pack used in electric vehicles.
Cell are shown surrounded by pipes carrying coolant. The zoomed in portion of the pipe
shows a proposed configuration to harvest energy from waste-heat emitted. In doing so we
can sense temperature and communicate the information via a wireless signal.
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APPENDIX C
ESTIMATE OF ENERGY HARVESTED IN DATA CENTERS
The amount of energy harvested is estimated by using specification of sever rack used in a
typical data center. Each server rack has typically 8-16 cores having CPU of dimension of
54 * 45 mm. For a conservative estimate 8 cores were used for calculation. There are 30
servers present per rack and rack has physical footprint of 11 ft2. Following table shows
the estimate for the amount of energy harvested using thermocells.
Figure C.1: Estimate of amount of energy harvested from 100,000 square feet facility.
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